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ABSTRACT
The effect of exercise stress on. immune modulation 
and the mechanisms involved were examined in ponies and 
horses subjected to a strenuous treadmill-based exercise 
program. The magnitude of changes in exercise—induced 
cortisol production, lactate, and immunomodulation 
increased with increases in exercise intensity and the 
highest levels of each were seen in animals that attained 
heart rates greater than 200 bpm. Influenza vaccinated 
ponies and horses were exercised at heart rates greater 
than 200 bpm for 5 consecutive days and stress tests were 
performed on days 1 and 5. Exercised animals exhibited 
significant increases in plasma lactate, plasma cortisol, 
LAK cell activity, and suppression of lymphoproliferative 
responses to ConA, PHA, PWM, equine influenza virus, and 
KLH. The effects of exercise were more severe following 
the fifth day of exercise. A significant decrease in CD4+ 
T-cells and a significant increase in CD8+ T-cells were 
noted following exercise for both stress tests. PHA- 
stimulated post-exercise PBMC exhibited an increase in 
IL-2 receptor expression. However, the percentage of dual 
positive CD4+IL-2R+ and CD8+IL-2R+ T-cells was
XV
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significantly decreased suggesting that the post-exercise 
increase in IL-2R expression was due to non T-cells.
PHA-stimulated PBMC from, exercised animals exhibited 
decreased IL-2, IL-4, and gamma—lETf mRNA expression 
following exercise for both stress tests. Influenza virus- 
stimulated PBMC exhibited a slight increase in IL—2 on 
day 1 and a slight decrease on day 5. Virus-stimulated 
PBMC exhibited significant decreases in gamma-IFN 
production for both stress tests. The overall level of IL- 
2 and gamma-IFTf expression was increased on day 5 while 
IL-4 levels declined significantly. Activation and 
expression of the signal transduction proteins MEKl, JAK3, 
and STAT3 declined following exercise for both stress 
tests suggesting that this may play a role in the exercise 
stress-induced suppression of lymphoproliferation. 
Exercised ponies exhibited an increased susceptibility to 
influenza virus infection following the fifth day of 
exercise. No difference in susceptibility was noted 
following a single episode of intense exercise.
XVI
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
INTRODUCTION
The physical stress of exercise and the subsequent 
changes in immune function have been extensively studied 
in humans and in laboratory animals. The conclusions from 
these studies have been confusing at best and 
contradictory at times due to differences in experimental 
design and the species and conditioning of the subjects 
involved (Cannon, 1993; Simon, 1984; Hines et.al., 1996). 
Recent studies have addressed exercise stress-induced 
changes in immune function in domestic species including 
the horse. The horse is an excellent model for exercise 
stress and provides several advantages over human and 
rodent subjects. Horses are willing runners, need no 
encouragement to perform, and are not subject to the 
psychological stress of competition. In addition, exercise 
physiology is well understood in the horse and large 
quantities of sample material are easily obtainable.
The purpose of this dissertation was to further 
define the effect of exercise stress on immune function in 
horses and identify the mechanisms involved in exercise- 
induced immune modulation. Exercise has been shown to have 
profound effects on the immune system of horses including 
increases in lymphokine activated killer (LAK) cell 
activity and suppression of the antigen-specific
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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proliferative response of peripheral blood mononuclear 
cells (PBMC)(Keadle et.al.^ 1993; Kurcz et.al., 1988;
Hines et.al., 1996). The degree of immune modulation 
depends upon the intensity of exercise and the prior 
conditioning of the subject. Differences in immune 
modulation have been observed in response to brief high 
intensity exercise, prolonged exhaustive exercise, 
moderate training, and conditioning in horses (Ferry 
et.al. ,1990; Kendall et.al., 1990).
The precise mechanism responsible for the exercise- 
induced changes in LAK cell activity and
lymphoproliferation is unknown, but has been attributed to 
alterations in circulating lymphocyte subpopulations 
(Hoffman-Goetz et.al., 1994) and alterations in cytokine 
production (Tvede et.al., 1994). Exercise-induced 
increases in equine LAK cell activity have been shown to 
be due to increased cytolytic activity of individual LAK 
cells and are not due to increased LAK cell precursor cell 
numbers or changes in IL-2 expression (Horohov et.al., 
1996). The mediator responsible for the increased 
cytolytic activity is unknown, but is thought to be due to 
increased catecholcimine release following intense exercise 
(Crary et.al., 1983; Kappel et.al., 1991; Horohov et.al., 
1996). Little is known about the mechanism responsible for
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the suppression of lymphoproliferation in response to 
exercise stress, however preliminary studies suggest that 
it is not due to changes in lymphocyte subpopulations or a 
lack of IL-2 production (Keadle et.al., 1993).
The hypothesis of this study was that the effects of 
exercise on lymphoproliferation are at a cellular level 
and are not due simply to changes in circulating 
lymphocyte subpopulations- Furthermore, the 
immunomodulatory effect of exercise reflects changes in 
immunity and leads to increases in disease susceptibility. 
Establishing a relationship between exercise and changes 
in immune function requires the definition of a group of 
parameters that lead to the optimum immunomodulatory 
effect on LAK cell activity and lymphoproliferaton. 
Therefore, the first study in this work was designed to 
ascertain the effect of exercise of different intensities 
on immune function in horses and attempt to correlate 
these changes with changes in stress-associated hormone 
production. The second study explores the effect of acute 
and chronic exercise on immune function and correlates 
changes in immune function to disease susceptibility. The 
third portion of this dissertation is an extensive study 
which was designed to identify the mechanism of exercise- 
induced modulation of lymphoproliferation.
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LITERATURE REVIEW
Exercls* and Immun* Function
It is a common belief that habitual exercise provides 
an individual with enhanced immunological protection. 
References to the effects of exercise on the immune system 
date back as far as the early 1900's. However, the 
influence of exercise on resistance to infection is a 
subject of continued debate. The complexity of the immune 
system and the host—pathogen interaction as well as the 
variable nature of an individuals' response to exercise 
are responsible for the vast array of contradictory data 
that is available on this subject. It is remarkable to 
note that conclusions made in exercise studies that date 
as far back as 1932 are identical to the conclusions made 
in similar studies today. Most of these studies have 
identified the primary factors that lead to the 
discrepancies that result from attempts to correlate the 
conclusions from the various studies. The consensus of 
this work is that exercise studies must be able to control 
several variables including the intensity of exercise, the 
age and fitness of the subject, other sources of stress, 
environmental factors, timing of pre- and post-exercise 
sample collection, and circadian rhythms and diurnal
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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variations. This is a long and difficult list of variables 
that must be accounted for in order for proper 
interpretation of results.
Exercise stress, considered a physical stressor, is 
not a single homogenous stressor. Rather, it is actually a 
culmination of several different stressors that can affect 
the individual in various ways. Physiological, 
environmental, social or psychological, and artificial or 
lab created stressors play a role in the exercise response 
(Cannon, 1993). The majority of the studies concerning the 
effect of exercise on immune function have focused on 
humans and laboratory animals. Humans are subject to the 
additional effects of environmental, social, and 
psychological stressors while rodents represent the worse 
possible model system for exercise in that they need 
stimulation to exercise. It is interesting to note that 
the first studies concerning exercise and immune function 
using rodents involved swimming (Elson and Abelmann,
1964). Rodents are not aquatic species and therefore were 
most likely struggling to survive these exercise bouts.
The horse, on the other hand, provides an excellent 
opportunity for exercise-based studies. Horses are willing 
runners and therefore do not, normally, need to be 
stimulated or coerced to perform. Horses are also less
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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subject to social stressors or the psychological stress of 
competition and personal achievement seen in human 
subjects. Exercise physiology is also well understood in 
the horse and therefore provides a basis for 
interpretation of results. Dnlilce humans and rodents, 
horses are much larger and therefore provide a ready 
source of large quantities of sample material. By 
utilizing the equine model of exercise stress and 
controlling for other extraneous variables such as diet, 
temperature, age, circadian rhythms, and diurnal 
variations and additionally controlling the intensity of 
exercise and condition of the subjects involved, it is 
hoped that accurate conclusions can be made to describe 
the interaction between exercise and the immune system.
There is a limited amount of information concerning 
the equine exercise stress model and the effect of 
exercise on the immune system of horses. Much of the work 
in this field involves human and rodent subjects. The rest 
of this review will concentrate on what is known about the 
horse and its use in this model system as well as compare 
results from other model systems. There are generally 
considered to be two types of exercise stress models for 
the equine subject with differing results for each. The 
first involves single bouts of high intensity exercise or
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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prolonged exhaustive exercise. This model system, produces 
suppressive effects on the immune system including 
decreased CD4/CD8 ratios, diminished lymphocyte function, 
and a decline in the number and cytolytic activity of 
natural killer cells CHines et.ai., 1996). The second 
model system involves moderate training or conditioning 
and is thought to produce beneficial effects on the immune 
system.
One of the most consistent effects of exercise on the 
immune system is the leukocytosis seen after strenuous 
exercise. Although few studies refer to equine species, in 
humans and rodents, exercise produces marked changes in 
the number and distribution of circulating leukocytes 
including neutrophils, monocytes, and lymphocytes (Keast 
et.al., 1988; McCarthy and Dale, 1988). As with the other 
effects of exercise on immune function, the magnitude of 
the leukocytosis increases as the intensity and duration 
of exercise increases (McCarthy and Dale, 1988; Gimenez 
et.al., 1986). The leukocytosis observed following acute 
intense exercise is biphasic in nature, characterized by 
an initial increase in lymphocyte numbers followed by an 
increase in neutrophil and monocyte numbers (McCarthy and 
Dale, 1988) . In humans and rodents, leukocyte numbers 
return to normal levels within 24 hours or less.
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Lymphocyte numbers return to normal levels very quickly 
and have been shown to return to resting levels in as 
short as 1 hour post-exercise (McCarthy and Dale, 1988) . 
Neutrophils are slower in returning to resting values and, 
considering the fact that lymphocyte numbers decline 
rapidly, are responsible for the increased neutrophil to 
lymphocyte ratio reported in most studies. Lymphocyte 
numbers have been shown to drop below baseline values in 
human subjects, in as soon as 2 hours, during the recovery 
phase following intense exercise creating a lymphopenia 
(Rosedale et.al., 1982).
Acute intense exercise affects other cells of the 
immune system in addition to its effect on neutrophils and 
lymphocytes. In humans and rodents, monocyte numbers have 
been shown to increase in response to exercise (Lewicki 
et.al., 1987; Bieger et.al., 1980) while macrophage 
numbers have been shown to remain stable or decrease 
(Adamson and Slocombe, 1994; Huston et.al., 1987; McKanes 
et.al., 1993). Human and rodent natural killer cell 
numbers have been shown to decrease during exercise 
(Pedersen et.al., 1988; Mackinnon et.al., 1988) and 
increase during recovery (MacKinnon, 1989) while equine 
lympho)cine activated killer cell numbers have been shown 
to remain stable following exercise (Horohov et.al.,1996).
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There are three likely mechanisms to explain the 
exercise-induced leukocytosis. Hemoconcentration is a 
consistent finding following intense exercise and results 
from shifts in fluid balance with the overall effect of 
decreasing the extracellular fluid compartment. The 
increase in the packed cell volume and total protein 
concentration due to intense exercise are partially due to 
this mechanism as well. The second mechanism involves 
elevated catecholamine levels which have been shown to 
rise in response to exercise. Epinephrine and 
norepinephrine are known to mobilize leukocytes from the 
marginal pool (Crary et.al., 1983; Tonnesen et.al., 1987). 
The third mechanism that may play a role in the 
leukocytosis of exercise involves the mobilization of 
granulocytes from the marrow pool caused by exercise- 
induced increases in cortisol concentration (Rossdale 
et.al., 1982; McCarthy and Dale, 1988; Kendall et.al., 
1990; Ferry et.al., 1990).
In addition to increases in lymphocyte numbers in 
response to exercise, it has been shown that exercise has 
a differential effect on lymphocyte subpopulations. The 
majority of the work has concentrated on the changes in 
circulating numbers of CD4 and 008 T-lymphocytes. CD4 
cells are considered to be helper T-cells while CD8 cells
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are referred to as cytotoxic or suppressor T-cells. In one 
study with a limited number of horses, CD4 numbers were 
shown to decline following intense exercise with no change 
in CD8 numbers (Hines et.al., 1994). In related studies 
using human subjects, CD4 numbers have been shown to 
decrease in response to exercise (Tvede et.al., 1989; Papa 
et.al., 1989) . CD8 numbers, on the other hand, have been 
shown to increase, decrease, and remain stable following 
exercise (Tvede et. al., 1989; Ferry et.al., 1990; Kendall 
et.al., 1990; Nieman et.al., 1992).
Considerable interest has been generated in the 
effect of exercise on natural killer and lymphokine 
activated killer cell numbers and function. The effects of 
exercise on natural killer cells in the horse is unknown 
due to the fact that equine natural killer cells are 
difficult to identify. Recently, a marker that selectively 
binds to the equine natural killer cell has been produced 
and may provide the answer to this and many other 
questions regarding equine natural killer cells (Harris 
et.al., 1993). In humans, natural killer cell numbers have 
been shown to increase immediately following intense 
exercise. However, their numbers decrease below resting 
levels 1 to 2 hours later during the recovery phase 
(MacKinnon et.al., 1988; Pedersen et.al., 1989; Berk
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et.al., 1990). Previous studies in our lab have determined 
that exercise does not increase the number of circulating 
LAK cells (Horohov et.al., 1996).
In addition to affecting leukocyte numbers^ exercise 
has been shown to have dramatic effects on the functional 
capacity of the immune system. Neutrophil function has 
been shown to be unchanged following intense exercise in 
humans ( MacKinnon, 1992; Smith et.al., 1990). In 
contrast, two studies performed in unconditioned horses 
have reported decreased neutrophil function following 
intense exercise (Wong et.al., 1991; Adamson et.al.,
1994) . Very few studies have focused on the effects of 
exercise on the function of monocytes in humans and no 
references could be made to equine monocytes. In one 
study, exercise had no effect on monocyte number or 
function (Lewicki et.al., 1987). A second study found that 
monocyte phagocytic activity was decreased in response to 
intense exercise in untrained humans (Bieger et.al.,
1980) . Surprisingly, tissue macrophage activity has been 
shown to increase in response to intense exercise in 
humans (Fehr et.al., 1987; Fehr et.al., 1989).
The effect of exercise on lymphocyte and natural 
killer cell function have been the most consistently 
studied parameters of the immune system. Exercise has been
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shown to have dramatic effects on lymphocyte and natural 
killer cell function. Lymphocyte function is assessed by 
the ability of lymphocytes to proliferate in response to 
mitogens and antigens. There are very few reports of 
exercise-induced changes in antigen—specific 
lymphoproliferation. The majority of the work on exercise- 
induced changes in lymphocyte function has concentrated on 
the mitogen—specific response. In general, based on human 
and rodent studies, intense exercise leads to decreased 
lymphoproliferation to both mitogens and antigens ( Caren, 
1991; Fitzgerald, 1991; Field et.al., 1991; MacNeil 
et.al., 1991; Nieman et.al., 1992). The magnitude of this 
effect has been shown to increase with increases in 
exercise intensity and duration . In one study 
investigating the effect of exercise on
lymphoproliferation in horses, there was no change in the 
lymphoproliferative response to the mitogens ConA, PHA, 
and PWM (Wong et.al., 1991). In contrast, studies 
performed in our lab have shown that unconditioned horses 
exhibit decreased lymphoproliferative responses to PWM and 
equine influenza virus in response to intense exercise 
(Keadle et.al., 1993). A third study involving conditioned 
horses found decreased lymphoproliferation to ConA and PHA 
in response to exercise (Kurcz et.al., 1988).
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Exercise has been shown to affect natural killer cell 
activity in humans. The cytolytic activity of NK cells has 
been shown to increase immediately following intense 
exercise but to decrease in the recovery phase (Brahmi 
et.al., 1985; Pedersen et.al., 1988; Simpson and Hoffman- 
Goetz, 1990). It has been reported that it takes up to 24 
hours for NK cell activity to return from this suppressed 
state to normal resting levels. In contrast to popular 
belief, several studies have supported the notion that the 
exercised—induced increase in natural killer cell 
function is due to increased cytolytic activity and not 
due to increases in circulating NK cells (Nieman et.al., 
1993; Simpson and Hoffman-Goetz, 1990). Exercise has been 
shown to increase the activity of LAK cells in horses and 
humans following intense exercise (Keadle et.al., 1993; 
Horohov et,al., 1996; Ortaldo et.al., 1986). As mentioned 
previously, the enhanced LAK activity in horses has been 
attributed to increased cytolytic function of individual 
LAK cells and not to increases in LAK precursor cell 
numbers (Horohov et.al., 1996).
The effects of exercise on humoral immunity are 
conflicting at best. However, there is evidence that 
exercise has no effect on immunoglobulin concentrations or 
antibody production in horses (Wong et.al., 1992; Nieman
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et.al., 1989). There are multiple conflicting reports in 
humans that suggest that exercise has both a positive and 
negative effect on humoral immunity (Nieman and Nehlsen- 
Cannarella, 1994; MacKinnon et.al., 198 9; Keast et.al., 
1988; Liu and Wang, 1987). Clearly, additional work needs 
to be done in this area to help to elucidate the effect of 
exercise on immunoglobulin levels as well as antibody 
production.
Several studies have addressed the effect of exercise 
on circulating cytokine levels in humans. IL-1, IL-6, 
alpha-IFN, and TNF-alpha concentrations have been shown to 
increase in response to exercise (Cannon et.al., 1986; 
MacKinnon, 1992; Espersen et.al. , 1990) . An additional 
study found no differences in circulating cytokine 
concentrations following moderate exercise (Smith et.al., 
1992). IL-2 concentrations, on the other hand, are 
decreased following intense exercise (Espersen et.al., 
1990; Lewicki et.al., 1988). In contrast to this finding, 
one study demonstrated increased soluble IL-2 receptors in 
the urine of exercised individuals following intense 
exercise indicating increased release or production of 
these receptors (Sprenger et.al., 1992). No reference to 
the effect of exercise on cytokines in the horse could be
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found. There was one report on the effects of exercise on 
the production of cytokines in humans which found an 
increase in plasma IL—6 levels, but no difference in the 
rtiRNA levels for IL-1 alpha and beta, IL-6, and TNF (üllum 
et.al.r 1994).
ttechanlsms of Bxorcis«-Indue«d Chang## in Inmun# Function
The mechanisms responsible for changes in immune 
function are unknown, but most researchers agree that most 
of the changes can be attributed to increases in cortisol 
and/or catecholamines in response to exercise. Exercise 
has been shown to significantly increase the plasma 
concentration of cortisol and catecholamines in humans and 
in rodents. The magnitude of the increase is believed to 
be directly related to the intensity and duration of 
exercise (Keadle et.al., 1993; McCarthy and Dale, 1988; 
Gabriel et.al., 1992). Hormonal responses of the horse to 
exercise have been shown to mimic the response of humans 
and other mammals (Church et.al., 1987; Snow and 
MacKenzie, 1977). Cortisol and catecholamine levels have 
been shown to significantly increase in the horse in 
response to high intensity exercise (Church et.al., 1987; 
Snow et.al., 1992). Unfortunately, a direct causal effect 
of cortisol or catecholamines on changes in immune 
function has not been demonstrated in any species.
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Cortisol, the primary secretory glucocorticoid, 
production in the horse has been well studied, but the 
actual physiological significance of the changes that 
occur following exercise are far from being understood. 
Plasma cortisol in the horse has a half life of 70 to 100 
minutes and has been shown to peak 20 to 30 minutes 
following the cessation of exercise (Thornton, 1985) . It 
has been determined that plasma cortisol levels do not 
increase due to exercise until the work load reaches the 
60% maximum oxygen uptake (VOgmax) (Thornton, 1985; Rose, 
1988). The increase in plasma cortisol concentration is 
the result of a change in the balance between the combined 
increased secretion of cortisol and increased clearance 
rate in response to exercise, with the secretion rate 
showing the greater increase.
Moderate exercise in the horse has been shown to 
result in variable cortisol responses with some horses 
exhibiting an increase, while others decrease or exhibit 
no change. Strenuous exercise, on the other hand, results 
in significant increases in plasma cortisol concentration 
(Snow and MacKenzie, 1977) . Peak levels have been shown to 
occur within 20 to 30 minutes in trained horses while 
taking a little longer to occur in untrained horses 
(Thornton, 1985). Training does not effect the peak
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values, but has been shown to increase the return rate to 
normal levels. As is the case with human subjects, the 
intensity of exercise determines the magnitude of the 
cortisol response to exercise. Duration of exercise has 
been shown to have no effect on cortisol production, or 
catecholamine production for that matter (Buono, 1986)• 
This is due to the fact that once the 60% V02max threshold 
is reached, ACTH levels rise within 30 to 60 seconds. In 
addition to the physical stress of exercise, cortisol has 
been shown to increase in response to the psychological 
stress experienced before and during exercise in human 
subjects. The effect of psychological stress on cortisol 
production in the horse is unclear. Studies in horses 
exposed to other unfamiliar horses or unfamiliar 
environmental conditions have demonstrated increases in 
plasma cortisol levels (Dybal et.al., 1980; Matlina 
et.al., 1980).
A general consensus on the effects of cortisol 
include the thought that cortisol mediates the later 
changes following exercise while the early or immediate 
effects of exercise are due to the catecholamines.
Cortisol has been shown to be responsible for the 
increased leukocyte numbers seen in the recovery phase 
following exercise in human subjects (Keast et.al., 1988;
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McCarthy and Dale, 1988). These changes in the hemogram 
include neutrophilia, lymphopenia, monocytopenia, 
eosinopenia, increased NK cells, and decreased percentages 
of CD4+ T-cells (Tonnesen et.al., 1987). In addition to 
the effects on leukocyte numbers, cortisol has been shown 
to have profound effects on leukocyte function. It is well 
established that glucocorticoids are immunosuppressive at 
moderate to high doses where they inhibit macrophage 
function, cytokine production and secretion, CD4 T-cell 
activation, and NK cell cytolytic activity (Hines et.al., 
1996; Keast et.al., 1988; Reichlin, 1993; Weicker and 
Merle, 1991; Smith, 1996). Cortisol has been reported to 
decrease the synthesis of several cytokines including 
IL-1, IL-2, IL-3, 11-6, gamma-IFN, GM-CSF, and TNF alpha 
and beta (Wu et.al., 1991). In addition, cortisol has been 
shown to decrease the expression of human MHC II molecules 
and IL-1 and IL-2 receptor expression (Dupont, 1988).
Catecholamines have also been shown to significantly 
increase in response to exercise in the horse. Epinephrine 
and norepinephrine are the major secretory catecholamines 
and have similar functions including enhancement of 
cardiac contraction, blood flow to the heart and skeletal 
muscle, blood glucose, lipolysis, and oxygen consumption. 
The plasma half life of both epinephrine and
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norepinephrine in the horse is very short; 1.3 minutes for 
norepinephrine and 1.6 minutes for epinephrine (Snow 
et.al., 1979). It has been shown that moderate exercise 
(50 % V02max) is sufficient to cause significant 
increases in norepinephrine with dramatic increases of up 
to 6X the norm following exercise at maximum intensity 
(Thornton, 1985). Epinephrine secretion differs in that it 
increases only after intense exercise. As is the case for 
cortisol, catecholamine secretion has been shown to 
increase as the intensity of exercise increases. Studies 
involving horses have demonstrated a significant rise in 
catecholamines following intense exercise. One study 
demonstrated nine to twelve-fold increases in plasma 
norepinephrine levels following short gallops of 500 
meters which returned to normal levels within 5 minutes 
after the bout (Snow et.al., 1979; Thornton, 1985) .
Catecholamines, like cortisol, have been shown to 
have profound effects on the immune system and are thought 
to be immunosuppressive. The exception to this may be the 
enhanced cytolytic activity of NK and LAK cells in 
response to increases in catecholamine concentrations. It 
is generally accepted that catecholamines are responsible 
for the early leukocytosis seen following exercise (Hines 
et.al., 1996; Keast et.al., 1988). In addition to the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2 0
effects on leukocyte numbers, epinephrine and 
norepinephrine have been shown to alter several aspects of 
cellular function. They have been shown to directly reduce 
B- and T-lymphocyte responses to mitogens and enhance the 
activity of NK cells CHines et.al., 1996; Crary et.al., 
1983; Kappel et.al., 1991). In one study involving human 
subjects, indirect evidence suggested that epinephrine was 
responsible for the inhibition of lymphocyte proliferation 
and IL-2 receptor expression in vitro seen immediately 
after intense exercise (Murray et.al., 1992). Previous 
reports of epinephrine-induced inhibition of NK cell 
activity have been disproved and this effect has been 
attributed to the action of prostaglandins (Kappel et.al., 
1991).
In addition to the effects of cortisol and 
catecholamines on the immune system, several other 
mediators have been implicated as having a potential role 
in the changes seen following exercise. These include 
beta-endorphin, ACTH, growth hormone, prolactin, 
endotoxin, and enkaphilin. Among these, beta-endorphin and 
ACTH have been the most extensively studied and have been 
shown to be generally immunosuppressive. Both beta- 
endorphin and ACTH release have been shown to increase 
following intense exercise requiring intensity in excess
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of 60% VOzinax (Buono et-.al., 1986). Both have also been 
shown to increase within 30 to 60 seconds following 
intense exercise. They have been shown to effect both the 
humoral and cellular immune responses. Interestingly, 
both have been shown to suppress antibody production in 
humans while enhancing B-cell proliferation and 
differentiation (Brooks, 1990). Their effects on T-cell 
proliferation have not been clearly established with 
several studies reporting inhibition and others reporting 
enhancement of T-cell proliferation. The effects of ACTH 
and beta-endorphin on NK cell activity has been thoroughly 
investigated, however the results of these studies are 
controversial as well. Growth hormone and prolactin are 
mediators which have likewise attracted extensive 
attention as potential immune modulators. They have been 
shown to be significantly elevated after 30 minutes of 
intense exercise in humans (Viru, 1992). Their effects 
are generally considered to immunopotentiating and may 
relate to catecholamine secretion.
T-CttlX Activation and Signal Transduction
The generation of an immune response requires the 
activation, proliferation, and differentiation of 
lymphocytes. Most assays of lymphocyte function (i.e. ^H- 
thymidine incorporation, cytotoxic assays, antibody
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production) focus on the latter stages of this process 
which is a result of a complex series of events involving 
multiple receptors and signal transduction proteins. 
Therefore, a variety of mechanisms may be involved in the 
generation, and also in the stress-induced alteration, of 
a lymphoproliferative response. Alterations in cell 
activation affect cytokine production and cytokine 
receptor expression. Signal transduction is a critical 
event in cell proliferation and may be affected by 
external stressors leading to alterations in the 
progression of the cell through the cell cycle. There is 
very little information regarding the specific alterations 
in lymphocyte function caused by stress.
Cytokines play a vital role in the regulation of 
growth, proliferation, differentiation, and functional 
activities of immune and inflammatory cells. The effects 
of cytokines are mediated through the binding of these 
soluble mediators to their specific, high-affinity 
receptors on the surface of cells. Cytokine receptors are 
evolutionarily related members of a novel receptor 
superfamily which, unlike members of the receptor protein 
tyrosine kinase (PTK) family, lack protein kinase domains 
and share limited areas of sequence homology in their 
cytoplasmic regions. Cytokine receptors have been
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classified into at least five distinct families based upon 
the structural characteristics of their extracellular and 
intracellular domains. Members of the cytokine receptor 
family include the cytokine receptor superfamily, 
interferon receptor family, TNF receptor family, TGF-beta 
receptor family, and the IL-8 receptor family (Taga and 
Kishimoto, 1992) . Irregardless of the fact that they have 
no protein kinase domains, the phosphorylation of tyrosine 
residues is a proximal and necessary response to the 
binding of a cytokine to its receptor.
The most extensively studied cytokine receptor, and 
the most applicable to this study, is the IL-2 receptor. 
The IL-2 receptor is found on several members of the 
specific and nonspecific immune system including T-cells, 
CD20+ B-cells, CD56+ NK cells(this has not been confirmed 
in the horse), CD14+ monocytes, and is differentially 
expressed on granulocytes. The interaction of IL-2 with 
its multimeric receptor on the surface of T-lymphocytes is 
known to trigger multiple phosphorylation events. The 
earliest events in T-cell activation involve three 
nonreceptor protein tyrosine kinases; Lck, Fyn, and ZAP- 
70. Lck and Fyn are members of the Src type tyrosine 
kinases and are known to interact with the acidic region 
of the IL-2 receptor beta subunit (Hatakeyama et.al.,1991;
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Kobayashi et.al., 1993). The activation of these Src 
protein tyrosine kinases (PTK) have been implicated in the 
expression of c-fos and c-jun (Hatakeyama et.al., 1992). 
The expression of c—fos and c-jun is followed by 
translocation to the nucleus with the help of adaptor 
proteins where they bind to DNA and lead to gene 
expression-
The IL-2 receptor is composed of three transmembrane 
proteins; alpha (a ) , beta (P) , and the common gamma chain 
( Yc). The IL-2 receptors were originally classified into 
three isoforms, the high, intermediate, and low affinity 
receptors. The first studies investigating IL-2 receptor 
chain function involved the a chain and found that it was 
unnecessary for intracellular signal transduction mediated 
by IL-2 (Leonard et.al., 1984). The P chain of the IL-2 
receptor was then characterized as a member of the 
cytokine receptor superfamily and as essential for 
intracellular signal transduction (Hatakeyama et.al.,
198 9) . The third subunit of the IL-2R, ycr was discovered 
by coimmunopurification with IL-2RP and, along with IL- 
2RP, was found to be essential for signal transduction 
(Takeshita et.al., 1992). Expression studies involving the
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three subunits have determined that there are several 
combinations that elicit variable levels of binding 
affinity. The aPy heterotrimer complex is known as the 
high affinity receptor and is capable of signal 
transduction. The oc P heterodimer complex has moderately 
high binding affinity, but has no signal transduction 
capability and is therefore referred to as the pseudo- 
high-affinity receptor. On the other hand, the Py 
heterodimer complex exhibits intermediate affinities with 
signal transduction ability. It was later determined that 
the role of the a chain was to increase the binding 
affinity of the functional IL-2 receptor complex.
Members of the cytokine receptor superfamily reflect 
the redundant nature of the immune system and cytokine 
function in that they share receptor molecules among 
multiple cytokine receptors. The common P chain is found 
in several receptors including the receptors for IL-3, IL- 
5, and GM—CSF. The common gpl30 molecule is also found in 
multiple cytokine receptors including IL-6, IL-11, OSM, 
CNTF, and LIF. Another incidence of subunit sharing 
involves the "fc chain which is found in the IL-2 receptor 
complex. It also participates in the receptor complexes of 
IL-4, IL-7, IL-9, and IL-15 and is thought to play a role
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in. binding affinity and signal transduction. Furthermore, 
its role in T cell development is critical in that humans 
and mice with a defective Yc chain exhibit severe combined 
immunodeficiency (Noguchi et.al., 1993). The IL-2R P chain 
has also been shown to be shared with the IL-15 receptor 
(Grabstein et.al., 1994) and has been shown to be involved 
in T-cell development as IL—2R P knockout mice exhibit 
autoimmunity (Suzuki et.al., 1995).
Molecular characterization of the IL-2 receptor has 
provided insight into the functionality of the three 
subunits and the interaction with downstream signal 
transduction events. The a chain, also known as Tac 
antigen, has a cytoplasmic domain which contains only 13 
amino acids. This makes it highly unlikely that the a 
chain has any signal transducing ability. The IL-2R P 
chain is a member of the cytokine receptor superfamily 
thereby containing two pairs of conserved cysteine 
residues near the amino-terminal end and a sequence of 
tryptophan-serine- x (unconserved amino acid)-tryptophan- 
serine (WSXWS, WS motif) in the extracellular domain 
(Bazan, 1990). The cytoplasmic domain of 
IL-2R P consists of 28 6 amino acids and contains
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boxl/box2, serine-rich, acidic, and proline-rich regions. 
The IL-2RYc chain contains a cytoplasmic domain consisting 
of 86 amino acids and also has two subdomains of the SH2 
(Src homology region 2) which are thought to interact to a 
limited extent with other signal transduction proteins.
Heterodimeriration of IL—2RP and Yc results in the 
phosphorylation of the receptor followed by 
transcriptional activation and induction of cellular 
kinases (Gaffen et.al., 1997). One of the earliest events 
in this process is the involvement of the JAK-STAT pathway 
,in which receptor-activated JAKs promote tyrosine 
phosphorylation of signal transducers and activators of 
transcription (STATs).
Type I and Type II cytokine receptors have been shown 
to bind to a family of unique cytoplasmic protein tyrosine 
kinases (PTKs) known as the Janus kinases (JAKs). There are 
four mammalian JAKs ; JAKl, JAK2, JAK3, and Tyk2. JAKl, 
JAK2, and Tyk2 are widely expressed while JAK3 is regulated 
to a much higher degree and is only found on hematopoietic 
cells. All of the JAKs have a C—terminal catalytic domain 
termed the Janus homology domain 1 or JHl which is 
functionally analogous to Src homology domains. The JAKs 
are unique in that they have a kinase domain in proximity to
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a pseudo—kinase domain (JH2) and they do not contain PTK— 
characteristic Src homology domains. The importance of JAKs 
in signal transduction was first described for IFN receptors 
where JAKl and JAK2 were found to be necessary for IFNy 
signaling (Ratling et.al., 1593). In further experiments, 
JAK3 was found to be necessary for IL-2 signaling (Oakes 
et.al., 1996).
Through studies of interferon-mediated signal
transduction, a second novel group of cytoplasmic signal
transduction proteins, known as signal transducers and
activators of transcription (STATs), was discovered. There 
are 7 members of the STAT family including STATs 1,2,3,4,5a, 
5b, and 6. STATs are unique in that thay have a Src-
homology-2 (SH2) domain and they are activated by 
phosphorylation of a single tyrosine residue near the 
carboxyl terminus. This allows STATs to form homo- or 
heterodimers which is necessary for translocation to the 
cell nucleus. STAT proteins were shown to be indispensable 
for cell signaling by using the IFNy receptor model where 
STATl is required for functional signal processing 
(Greenland et.al., 1995). STAT5 was shown to be necessary 
for IL-2 signal transduction in a similar set of 
experiments. The IL-2R beta chain is constitutively
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associated with JAKl, which binds exclusively to the box 1 
and box 2 region of the beta chain, whereas IL-2R Yc chain 
has been shown to associate with JAK3 (Nelson et.al., 1994; 
Russell et.al., 1994). After JAKl and JAK3 bind to their 
respective ligands, they become activated and in turn 
activate various STAT factors, including STATl, STAT3, and 
STATS, through tyrosine phosphorylation (Beadling et.al., 
1994; Hou et.al., 1995; Johnston et.al., 1995). The primary 
STAT factor involved in IL—2 receptor mediated JAK-STAT 
activation appears to be STATS (Gaffen et.al., 1995). 
However, STAT3 has been shown to be highly activated in PHA- 
stimulated T-cells (Nielson et.al., 1994). Following the 
phosphorylation of STATS and STAT3, dimerization occurs 
through reciprocal phosphotyrosine-SH2 domain interactions. 
Dimerization results in subsequent translocation to the 
nucleus where they mediate transcriptional activation.
Activation of JAK protein tyrosine kinases has been 
shown to be critical for the IL-2-mediated proliferation of 
T-cells. JAKl, which is activated via its interaction of the 
IL-2RP chain, is not activated in mutant cells which are 
negative for the beta chain of the IL-2 receptor (Liu 
et.al., 1995). Furthermore, these cells display no IL-2- 
mediated proliferative responses. However, some of the beta
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chain mutants do display a limited degree of 
lymphoproliferative ability which has been shown to be due 
to the activation of JAK3 and subsequent activation of STATS 
(Kirken et.al., 1995). Interestingly, a deletion mutant that 
is positive for JAKl and JAK3 expression but negative for 
STATS expression, proliferates in response to IL-2 (Fujii 
et.al., 199S). This suggests that STATS activation is not 
required for IL-2-mediated T-cell lymphoproliferation. 
However, a similar mutant study showed that IL-2Rp, Yc chain, 
JAKl, JAK3, and STATS are necessary and sufficient to 
mediate DNA binding by STATS.
JAKs have been shown to participate in downstream cell 
signaling through different mechanisms for the various 
cytokine receptors. In the IFN-y signaling pathway, JAKl 
appears to play a structural role instead of an enzymatic 
one, while JAK2 conveys all of the signaling properties for 
IFN- Y (Briscoe et.al., 1996) . Thus, JAKs can play two 
necessary roles in the generation of an effective downstream 
signal.
The signal transduction pathway through the IL-2 
receptor can be summarized as follows. IL-2 is one of the 
necessary second signals following antigen-specific binding 
via the T-cell receptor and is required for T-cell
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activatioa and proliferation. IL—2 binds to the high 
affinity form of the IL-2 receptor and leads to ligand- 
induced heterodimerization of the P and y chains. JAKs bind 
constitutively to the boxl/box2 motif of the P chain followed 
by the association of JAKs with other JAK molecules. This is 
thought to occur due to the fact that ligand-induced 
dimerization of receptor chains brings neighboring JAKs into 
close proximity to each other. The JAKs phosphorylate each 
other thereby enhancing their kinase activity (Kotenko 
et.al., 1995). Phosphotyrosines located on the IL-2 receptor 
serve as docking sites for specific cytoplasmic STAT 
proteins that attach to the receptor via their SH2 binding 
domains (Greenland et.al., 1994; Greenland et.al., 1995). 
After STAT proteins bind to the receptor, they are 
phosphorylated by the JAKs. Once phosphorylated, the STATs 
dissociate from the receptor and dimerize by the reciprocal 
binding of the SH2 region of one STAT molecule to the unique 
phosphotyrosine of the second STAT molecule. STAT dimers 
have the ability to translocate to the cell nucleus and bind 
to a specific sequence where they act as transcriptional 
activators of cytokine responsive genes (Decker et.al., 
1997).
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T-C*ll Antigen Receptor Signal Tranaduction Pathway*-
Prior to the expression and activation of cytokine receptors 
on the surface of T-cells, a series of events beginning with 
the binding of antigen to the T-cell receptor (TCR) and 
culminating in cytokine gene expression must occur. The TCR 
regulates the activation and subsequent proliferation of T- 
lymphocytes. Activation of T—lymphocytes is controlled by 
the TCR in combination with additional signals mediated by 
accessory molecules found on the surface of antigen 
presenting cells. The mature form of the T-cell antigen 
receptor is a complex comprised of the TCR and the CDS 
molecule. Together, they comprise the polymorphic alpha and 
beta subunits in a noncovalent association with the 
invariant chains of the TCR complex which include the zeta, 
gamma, delta, and epsilon chains of CDS. The cytoplasmic 
domains of CDS and the zeta chain confer the ability to 
transduce signals by the fact that they have a common 
cytoplasmic motif which is termed the immunoglobulin 
receptor family tyrosine-based activation motif (ITAM). This 
motif is critical and necessary for TCR interactions with 
intracellular tyrosine kinases (Cambier, 1995). ITAMs are 
also found in the B-cell receptor, and in the gamma subunit 
of the FcERl and FcyRIIIA where they play a similar role in 
signal transduction.
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The earliest events in T-cell activation through the 
TCR involve the activation of three protein tyrosine kinases 
(PTK) referred to as pSGlck and p59fyn, which are Src family 
PTKs, and ZAP-70 (Weiss and Littman, 1994). The proposed 
chain of events involves the activation of the Src family 
kinases, the phosphorylation of ITAMs, and the tyrosine 
phosphorylation and activation of ZAP-70 (Weil et.al.,
1995) . The recruitment and association of ZAP—70 with the 
TCR complex is regulated by the interaction of ZAP-70's SH2 
domains with ITAMs. The two ZAP-70 SH2 domains bind to the 
doubly phosphorylated tyrosine residues found on the ITAM.
Following the phosphorylation of TCR associated PTKs, 
several other molecules are activated including CDS, VCP, 
phospholipase C, Vav, and She. The first PTK mediated 
signaling pathway to be well characterized was through the 
TCR-mediated tyrosine phosphorylation and subsequent 
activation of phospholipase Cyl(PLCyl). PLCyl regulates 
inositol phospholipid hydrolysis and thereby the production 
of inositol polyphosphates and diacylglycerides. The 
generation of these compounds allows the TCR to regulate 
intracellular calcium levels and protein kinase C isozymes 
(PKC) . A second well characterized TCR-mediated signaling 
pathway involving inositol lipid metabolism is the 
activation of phosphatidyl 3'-hydroxyl kinase (PI3-
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kinase)(Ward et.al., 1992). PI3-kinase has been shown to be 
crucial in the interaction of the TCR with the costimulatory 
signal created by the catalytic activity of the CD28 
receptor (Linsley and Ledbetter, 1993). CD28 interaction 
with the TCR is a mandatory event in T-cell activation (June 
et.al., 1994).
The function of most of the intracellular proteins 
which follow TCR activation have been characterized in the 
context of their ability to regulate expression of the IL-2 
gene. The elevation of intracellular calcium and the 
activation of PKC have been shown to lead to IL-2 gene 
expression thereby emphasizing the importance of these two 
TCR regulated events in T-cell activation. However, further 
studies have shown that some of the PKC-mediated events were 
actually mediated by a second protein referred to as p21'“ . 
This protein has been shown to be important in the Ras 
regulation of multiple transcriptional factors that regulate 
IL—2 gene expression.
IL-2 gene expression has been shown to require 
induction by multiple pathways that integrate at the level 
of multiple transcriptional factors. These include AP-1, 
NffcB, Oct-1, and nuclear factor of activated T-cells (NFAT). 
NFAT is found in the cytoplasm of resting cells and 
translocates to the nucleus in TCR activated T-cells where
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it combines with AP—1 to form a functional transcriptional 
factor complex (Rao, 1994). The nuclear translocation of 
these proteins is a calcium-dependent mechanism controlled 
by calcineurin which is associated with p21“® (Clipstone and 
Crabtree, 1992) .
The transmission of these nuclear transcriptional 
factors by p21™' to the nucleus involves a group of kinases 
known as the mitogen activated kinases (MAPK)(Cooper, 1994). 
Two MAPK, ERKl and ERK2, are involved in two separately 
controlled pathways that result in nuclear translocation 
events. The first pathway is mediated by Ras and the second 
by PKC. The activation of the TCR results in the activation 
of p21“® and PKC, but p21“® couples the TCR to the 
regulation of the MAP kinases while PKC does not (Izquierdo 
et.al., 1993). A series of events beginning with the 
activation of a kinase termed Raf-1, which is the MAPK- 
kinase, is followed by activation of MEKl, ERKl, and ERK2 
(Marshall, 1994; Howe et.al., 1992). The Raf-1 protein has 
been shown to interact with p21*^ suggesting that the role 
of the Ras protein is to recruit Raf-1 to the membrane where 
it becomes activated (Marshall, 1994). The culmination of 
these events involving the MAPKs results in the ability of 
ERK2 to translocate to the nucleus where it modulates 
transcriptional factors; namely Fos proteins which are part
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of the AP-1 complex which is important for the NFAT 
induction of IL-2 gene transcription.
As stated earlier in this simplistic discussion of TCR 
driven T-cell activation, other T-cell accessory molecules 
must be present and interact with their ligands on the 
antigen presenting cell to initiate the chain of events. 
Proposed accessory molecules on the T-cell include CD28, 
CD2, CDS, and LFA-1. These molecules are thought to play a 
role through various mechanisms including functioning as 
adhesion molecules to strengthen the T-cell-APC interaction, 
modifying the transmembrane signaling events, and
initiating their own transmembrane signals. Regardless of 
their action, the result is the full activation of the T- 
cell antigen receptor. It is generally accepted that the TCR 
regulated events that lead up to expression of the IL-2 gene 
and the genes responsible for expression of the IL-2 
receptor , or other cytokine genes, are only half of the T- 
cell proliferation picture. These events have been shown to 
only partially drive the cell into its growth phase; from 
the Go phase to the phase. T-cells in the Gj. phase express 
cytokine receptors and it is believed that they require the 
action of growth factors such as IL-2 or 11-4 to continue 
through the cell cycle. This relates back to the first part 
of this discussion where the cytokine receptor, namely the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3 7
IL-2 receptor, mediates the remaining events in T-cell 
proliferation.
A brief word about the function of mitogens is in order 
since they are used throughout this dissertation. Most of 
the mitogens available are plant-derived lectins and 
function by substituting for the stimulating antigen/MHC 
molecule. They are therefore able to polyclonally activate 
large numbers of T-cells by interacting with glycoproteins 
on the surface of T-lymphocytes. The most commonly used 
mitogens are ConA, PHA, and PWM. ConA and PHA are selective 
T-cell activators while PWM activates B and T cells (Sharon, 
1983) . Studies with ConA and PHA have shown that they 
activate T-cells through interaction with the TCR in 
addition to several other glycoproteins located on the 
surface of the T-cell. However, ConA activation of T-cells 
still requires a second costimulatory signal and is 
therefore thought of as a primer for cytokine receptor 
driven lymphoproliferation.
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THE EFFECT OF EXERCISE INTENSITY ON n##ONE
FUNCTION IN EQUIDS
Introduction
Physical, chemical, and psychosocial stress can 
result in immune modulation and have been postulated to 
increase susceptibility to disease in man (Calabrese 
et.al., 1987). Exercise is a physical stressor that horses 
and other performance animals undergo on a regular basis. 
Little is known about the specific effects of stress on 
immunity in domestic animals. Several studies have 
demonstrated that horses subjected to a single bout of 
intensive exercise respond with increased stress- 
associated hormone production and substantial alterations 
in cell-mediated immune responses, including suppression 
of the proliferative response to equine influenza virus 
antigens and increased capacity to generate lymphokine 
activated killer (LAK) cell activity (Keadle at al.,1993; 
Kurcz et.al., 1988; Hines et.al., 1996). The severity of 
this effect depends in part upon the intensity of exercise
38
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and the prior conditioning of the subject. Differences in 
immune modulation have been observed in response to brief 
high intensity exercise, prolonged exhaustive exercise, 
overtraining, and moderate training in horses (Ferry et 
ai.,1990; Kendall et al.,1990j.
In general, the magnitude of the effects of exercise 
on immune modulation tends to increase as the intensity 
and duration of exercise increase (Kendall et ai.,1990; 
MacNeil et ai.,1991). Exercise intensity has been shown 
to be the major contributing factor to changes in immune 
function, hormone, and catecholamine release in response 
to exercise with several studies reporting that duration 
had no effect on these changes (MacNeil et.ai., 1991: Papa 
et.ai., 1989; Tvede et.ai., 1989). Several methods have 
been employed to measure exercise intensity in the horse 
including maximal oxygen consumption (VOamax), respiratory 
rate, expired respiratory gases, arterial pressure, plasma 
lactate concentration, and heart rate (Evans and Rose, 
1988; Persson, 1967; Persson, 1983; Rose et.ai., 1990). 
Differences among studies in the measurement of exercise 
intensity often make comparison of data difficult. One of 
the easiest and most consistent methods for measuring 
exercise intensity in the horse is heart rate monitoring 
during exercise. Direct correlations can be made between
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increases in heart rate and increases in respiratory 
function and arterial pressure. The use of an onboard 
heart rate monitor provides real time data as the exercise 
proceeds and allows the bout to be stopped when the target 
heart rate is achieved. Relying on heart rate rather than 
speed or other parameters also ensures a consistent 
workload regardless of other variables that may be present 
at the time of the exercise bout (Clayton, 1991) .
The purpose of the study reported here was to 
determine the effect of exercise intensity at three target 
heart rates on the immune response of horses and to 
correlate physiologic measurements of exercise intensity 
with changes in immune function.
Material» and Mathoda
Poniaa and exarcia# protocol— A total of six grade 
female ponies were used for this study. All of the ponies 
were 5 years old and were vaccinated with two doses (per 
label instructions) of an equine influenza virus vaccine 
(Fluvac, Fort Dodge, Fort dodge, lA) 12 weeks prior to 
entry into the study. Ponies were housed in open-air 
stalls and fed 4 quarts of a pelleted ration (Purina Horse 
Chow 200, Purina Mills, St. Louis, MO) twice a day. Each 
pony was assigned an experimental number and exercised on 
a Mustang 2200 High Performance high speed equine
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treadmill (Kagra Intl. Inc., Fahrwangan, Switzerland) at 
maximum heart rates of 160, 180, and 2 0 0  beats per minute 
(bpm) on three separate days (Table 1.1). Ponies were 
rested for 4 days between each screen. Following a warm­
up period of 4 minutes at 1.5 m/s, the ponies were 
subjected to 1  m/s incremental speed increases at 2  minute 
intervals until the target heart rate was attained. The 
pony was allowed to complete the 2  minute interval, the 
treadmill was stopped, and venous blood samples were 
collected. The pony was then walked at 1.5 m/s until 
cooled down and then returned to its stall. The 
treadmill was raised to a 7% incline to increase the 
workload of the exercise bout. Heart rate was assessed 
throughout the test using an on-board heart rate monitor 
(Hippocard PEH2000, Bioengineering of Zurich, Switzerland) 
which recorded maximum attained heart rates for each pony 
for each of the exercise bouts. The heart rate monitor 
recorded the heart rate every 5 seconds during the 
exercise bout and maximum heart rates were considered as 
those that remained at the highest level for five or more 
consecutive 5 second readings from the monitor. The same 
ponies were used for control samples and were bled while 
walking on the treadmill at 1.5 m/s. The post exercise 
samples for the control ponies were attained 13 minutes
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1 160 180 2 0 0 160 180 2 0 0
2 180 2 0 0 160 180 2 0 0 160
3 2 0 0 160 180 2 0 0 160 180
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after the initiation of the walk to approximate the 
average time to reach the target heart rate in the 
exercised ponies. Ail experimental procedures were 
approved by the Institutional Animal Care and Use 
Committee.
Blood Smiling and Laetat# and Cortisol Assays -
Venous blood samples were collected via a pre-placed 
jugular catheter into heparinized tubes (Becton Dickinson 
and Co., Franklin Lakes, NJ) prior to and immediately 
after exercise for immunologic assessment. Additional 
blood samples ( 1 0  ml) were collected into tubes containing 
oxalate and fluoride for plasma lactate levels and into 
heparinized tubes for plasma cortisol determinations 2 0  
minutes following the completion of exercise. The tubes 
were immediately centrifuged and the plasma was separated 
for storage at -20° C. Plasma lactate concentration was 
measured in duplicate using a lactic acid kit (Sigma, St. 
Louis, MO) and a wide-bandwidth spectrophotometer. Plasma 
cortisol concentration was determined by radioimmunoassay 
by use of a commercial kit (Diagnostic Products Inc.). 
Rested control ponies were bled at corresponding time 
points.
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Preparation of Calls - Peripheral blood mononuclear 
cells (PBMC) were isolated by differential centrifugation 
over lymphocyte separation medium (Ficoll-Paque Plus, 
Pharmacia Biotech, Gaithersburg, MD). Buffy coats from 
heparinized blood were diluted with calcium— and 
magnesium-free phosphate-buffered saline solution (PBSS— 
CMF; NaCL ( 8 gm/1) , KCl (0.2 gm/1) , NagHPO^ (1.12 gm/1) , 
and KH2PO4 (0.2 gm/1); pH 7.2), underlayered with 
lymphocyte separation medium, and centrifuged at 400 x g 
for 30 minutes. The PBMC were removed from the interface 
with a pipette, washed twice with PBSS-CMF, and suspended 
at a concentration of 10® cells/ml of RPMI 1640 medium 
supplemented with 2-mercaptoethanol (10"® M) , glutamine 
(2 mM), penicillin (100 U/ml), streptomycin (100 pg/ml), 
and 5% (v/v) heat inactivated fetal bovine serum 
(GIBCO/BRL, Gaithersburg, MD) .
Lysphokin# sctivatsd kill#r esll (LJUC) assay- LAK 
cell activity in horses was demonstrated by incubating 
PBMC with 250 units/ml of recombinant human IL—2 
(Boehringer Mannheim, Indianapolis, IN; Cellular Products, 
Buffalo, NY) for 3 days and assaying these cells for 
cytolytic activity against an equine tumor cell line, 
EqT8 8 8 8 , as previously described (Hormanski et al., 1992). 
The percent specific lysis was then calculated using the
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formula: (experimental release - spontaneous release)/
(total release - spontaneous) X 100. Three 
effector: target ratios were employed and results are 
reported as 20% lytic units per 10® PBMC.
Equxn* xn£lu*ns«. virus spscific IjBphoprolxfsrstion-' 
Lymphoproliferati?e response to equine influenza virus was 
demonstrated by incubating 2  x 1 0 ® cells/ well in 1 0 0  jil 
of RPMI-1640 medium in 4 replicate wells of a 96 well 
round bottomed plate with 100 pi of a 1:32 dilution of an 
influenza virus (A/Equine/Miami/63, EID5 0 >10®/ml, EiA titer 
= 160) stock solution obtained from allantoic fluid of 
embryonated hen's eggs. Ponies were vaccinated with Fluvac 
(Fort Dodge) which contains the equine influenza virus 
A/Equine/Miami/63 and PBMC from all ponies failed to 
proliferate to allantoic fluid. Additional wells 
containing medium only were included on each plate as 
negative controls. A duplicate set of plates containing 10 
units/ml of recombinant human IL-2 in each well was also 
included. Plates were incubated at 39° C and 5% CO2 for 5 
days at which time they were pulsed with 0.5 pCi 
thymidine for 4 hours. Cultures were then harvested onto 
glass fiber filter paper and counted in a liquid 
scintillation counter. Results were reported as mean 
counts per minute (CPM) of ®H-thymidine incorporation.
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Stmtimtical Analysas - Pre- and post-exercise samples 
were analyzed using paired t-tests when comparing 
individual animal exercise values. Samples were log 
transformed and analyzed by multiple linear regression.
One way analyses of variance tests were used to compare 
all exercises to control animal values. Differences were 
considered significant at the P<0.05 level. All 
statistical analyses were performed using a commercial 
software program (SigmaStat, Jandel Scientific Software, 
San Rafael, CA).
Rasults
Adjusbsd Groups Bsssd. on Actual Attained Heart Rates-
In order to achieve the full effect of intense exercise at 
a given heart rate, each pony was allowed to complete the 
2  minute interval at the velocity that the target heart 
rate was attained. Several of the ponies attained maximum 
heart rates that were higher than the target heart rate. 
These maximum heart rates were then used to regroup the 
ponies into the three groups of 160, 180, and 2 0 0  beats 
per minute (Table 1.2). The adjusted groups then contained 
4 ponies in the 160 bpm group, 7 ponies in the 180 bpm 
group, and 7 ponies in the 200 bpm group. These adjusted 
group numbers were then used for all subsequent analyses.
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Table 1.2. Exercise plan to attain target heart rates. 
Each horse was tested on three days (screen) at one of 
three target heart rates. Groups were adjusted based on 
actual heart rates attained. Group A = 160 - 179 beats per 








1 2 180 209 c
1 1 160 184 B
19 2 0 0 192 B
2 2 180 204 C
25 160 168 A
401 2 0 0 208 C
2 2 2 0 0 187 B
1 1 180 184 B
19 160 161 A
2 2 2 0 0 208 C
25 180 184 B
401 160 161 A
3 2 160 181 B
1 1 2 0 0 184 B
19 180 168 A
2 2 160 2 1 2 C
25 2 0 0 213 C
401 180 218 C
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Laetat# and Cortiaol — Mean plasma lactate levels of 
the exercised ponies at the three target heart rates are 
shown in Figure 1.1. The mean pre—exercise (resting) 
lactate levels were essentially the same for each group of 
ponies ranging between 0.36 and 0.44 mM/L. Plasma lactate 
concentrations increased significantly for all three 
groups of ponies in response to exercise. Average peak 
lactate concentrations increased with exercise intensity 
(200 > 180 > 160 bpm) with values of 6.29 mM/L (P= 0.009), 
9.60 mM/L (P< 0.001), and 14.90 mM/L (P< 0.001) 
respectively. These peak values reflect the post-exercise 
lactate levels attained immediately after completion of 
the 2  minute interval in which the target heart rate was 
reached. All of the post-exercise lactate levels were 
above 4 mM/L which is indicative of anaerobic metabolism.
A causal relationship existed between increases in post­
exercise lactate levels, heart rate and distance ran for 
all ponies (P = 0.029). There was no difference in pre and 
post lactate levels in control ponies.
Mean plasma cortisol levels of the exercised ponies 
at the three target heart rates are shown in Figure 1.2. 
The mean pre-exercise cortisol levels were 8.11, 7.57, and 
8 . 1 1  nanograms/ml for the 160, 180, and 2 0 0  bpm groups 
respectively. Plasma cortisol concentrations increased
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Figure 1.1. Mean lactate values at three target heart 
rates. Plasma lactate concentrations were attained just 
prior to and immediately upon completion of the 2  minute 
interval in which the target heart rate was reached.
Bars represent the means + standard error.



















Figure 1.2. Mean Cortisol values at three target heart 
rates. Plasma cortisol levels were attained immediately 
before and 2 0  minutes after completion of the 2  minute 
interval in which the target heart rate was reached. 
Bars represent means + standard error.
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significantly in all three groups of ponies in response to 
exercise. Post-exercise plasma cortisol concentrations 
increased with exercise intensity ( 2 0 0  > 180 > 160 bpm) 
with values of 11.66 ng/ml [P= 0.024), 11.75 ng/ml 
(P=0.007), and 12.95 ng/ml(P< 0.001) respectively but 
peak levels were not significantly different at the three 
target heart rates. These post-exercise cortisol levels 
were attained 2 0  minutes after completion of the 2  minute 
interval in which the target heart rate was reached. A 
causal relationship existed between increases in post­
exercise cortisol levels, heart rate and distance ran for 
all ponies iP= 0.039) There was no difference in pre and 
post plasma cortisol concentrations in control ponies.
LAK Call Induction - Mean LAK cell activity of the 
exercised ponies at the three target heart rates is shown 
in Figure 1.3. The mean pre-exercise LAK activity levels 
were essentially identical for the three groups of ponies 
with values of 144.3, 137.2, and 139.7 (expressed as 20% 
lytic units/10® PBMC) , respectively for the 160, 180, and 
200 bpm groups. Though LAK cell activity increased in all 
three groups of ponies in response to exercise ( 2 0 0  > 180 
> 160 bpm, with values of 366, 227, and 148 lytic units,
respectively), this increase was not significant (P =
0.860 @ 160 bpm, 0.267 @ 180 bpm, and 0.161 @ 200 bpm).















Figure 1.3. Mean LAK activity of ponies at three target 
heart rates. Equine PBMC were cultured with 250 U/ml of 
IL-2 for three days and assayed for LAK activity against 
an equine tumor cell line. LAK cell activity is expressed 
as 20% lytic units per 10^ PBMC. Bars indicate means + 
standard error before and after exercise.
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There was a causal relationship between the change in LAK 
cell activity due to exercise and heart rate (P= 0.035) . 
There was no difference in pre and post LAK activity in 
control ponies.
of Ëxorcim# on th# Lymphoproliformtiv#
Rosponso - The effects of exercise on the antigen specific 
response to equine influenza virus for the exercised 
ponies at the three target heart rates is shown in Figure 
1.4. A large degree of variation in the pre-exercise 
lymphoproliferative (LP) response is evident with mean CPM 
values ranging from 566 CPM for the 160 bpm group to 1324 
CPM for the 200 bpm group. The variation in the 
proliferative response of the ponies is demonstrated in 
Figure 1.5. There is a large degree of variation in the 
resting proliferative response to equine influenza virus 
in the ponies in the 18 0 bpm group with a CPM range of 273 
to 2711 CPM (Mean = 958.6 CPM). There is a corresponding 
large degree of variation in the post-exercise LP response 
ranging from 289 to 1235 CPM (Mean = 524.5 CPM) . 
Lymphoproliferative response to equine influenza virus 
decreased in all three groups of ponies in response to 
exercise, but this decrease was. not significant. The post­
exercise suppression of the LP response to influenza virus 
did increase with exercise intensity ( 2 0 0  > 180 > 160
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Figure 1.4. CPM of flu stimulated PBMC at three target 
heart rates. Equine PBMC were stimulated with equine 
influenza virus for 5 days. Bars represent mean CPM of 
'H-thymidine uptake + standard error. Pre- and post­
exercise media background values are shown for 
comparison.













1I 11 Jl lu
401 25 11B
PONY
Figure 1.5. CPM of influenza stimulated PBMC at 180 bpm. 
Equine PBMC were stimulated with equine influenza virus 
for five days. Bars represent mean CPM of ^H-thymidine 
uptake before and after acute exercise for the ponies 
(n=7) in the 180 bpm readjusted group. Media background 
values are shown for comparison. Pony 11 appears twice 
(IIB) due to the fact that she fell in this group in 
two separate screens.
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bpm). The greatest suppression was noted in the 200 bpm 
group which had a pre-exercise influenza LP response of 
1325 CPM and a post-exercise influenza LP response of 827 
CPM CP= 0.060).
When 10 D/ml of recombinant IL-2 was added to PBMC 
cultures stimulated with equine influenza virus, 
augmentation of the proliferative response was noted 
(Figure 1.6} as the CPM in all cultures was increased.
The suppression seen after intense exercise in PBMC 
stimulated with influenza virus alone was not as evident 
when IL-2 was added and the ponies in the 200 bpm group 
showed a slight increase in their mean proliferative 
response post-exercise. No significant differences were 
noted in control pony LP responses to equine influenza 
virus with and without the addition of IL-2 (Figure 1.7). 
However, an increase in LP response post-exercise was 
noted in the flu cultures (pre mean of 608 CPM and a post 
mean of 94 9 CPM) and in the flu + IL-2 cultures (pre mean 
of 1091 CPM and a post mean of 1557 CPM).
Discussion
Exercise has been shown to have profound effects on 
the immune system (Hoffman-Goetz and Pedersen, 1994; 
Andersson et.al., 1991; Mahan and Young, 1989). Very few 
studies on the effects of exercise on immune function have















Figure 1.6. CPM of flu stimulated + IL-2 PBMC at three 
target heart rates. Equine PBMC were stimulated with 
equine influenza virus + 10 U/ml XL—2 for five days. 
Bars represent the mean CPM of thymidine uptake ^ 
standard error before and after exercise. Pre- and 
post-exercise media background values are shown for 
comparison.




















Figure 1.7. CPM of flu stimulated equine PBMC with and 
without the addition of 10 U/ml of IL-2 of control 
ponies. Pony PBMC were stimulated with equine influenza 
virus with or without IL-2 for five days. Bars represent 
the mean ^ standard error of ^H-thymidine uptake. Pre- 
and post-exercise media background values are shown for 
comparison.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5 9
been done in domestic animals. Previous studies have 
demonstrated that horses subjected to a single bout of 
intense exercise respond with increases in stress- 
associated hormone production and alterations in cell- 
mediated immune responses (Keadle et.al., 1993; Hines 
et.al., 1996). The magnitude of the effect of exercise on 
immune function is dependent upon the intensity of the 
exercise and the physical fitness of the subject (Nieman 
et.al.r 1993). The point at which horses become stressed 
by exercise has not been clearly defined, although several 
parameters have been utilized to measure exercise 
intensity. Heart rate levels of 200 bpm or greater, 
lactate levels greater than 4 mM/L, and increased 
neutrophil-to-lymphocyte ratios are generally accepted as 
indicators of exercise induced stress in horses ( Persson, 
1985; Wong et.al., 1992). In this study, the magnitude of 
changes in exercise induced stress-associated hormone 
production, lactate production, and immune function 
increases with exercise intensity as measured by heart 
rate. Plasma cortisol production, plasma lactate 
concentration, LAK cell activity, and suppression of 
antigen specific lymphoproliferation all increase with 
exercise intensity ( 2 0 0  bpm > 180 bpm > 160 bpm) .
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Our results are consistent with other reports of 
exercise stress-induced increases in plasma cortisol and 
plasma lactate concentrations in humans, rodents, and in 
horses. Cortisol and lactate levels increased with 
exercise intensity with the highest values attained being 
in the ponies that reached heart rates of 2 0 0  bpm or 
greater. A causal relationship existed between increases 
in both plasma cortisol and plasma lactate concentrations 
and increases in exercise intensity as measured by heart 
rate (200 bpm > 180 bpm > 160 bpm). Increases in cortisol 
secretion in the horse as well as in humans only occur 
after exercise intensity exceeds 60% of maximum oxygen 
uptake (VOgmax)(Buono et.al., 1986; Rose et.al, 1990). 
Therefore, all the ponies in this study achieved levels of 
exercise intensity that were at least 60% of maximum 
oxygen uptake. Cortisol release has been shown to be slow 
in response to exercise stress and may not peak until 2 0  
to 30 minutes after exercise has ceased and usually 
returns to pre-exercise levels within 2 hours (Smith and 
Weidemann, 1990). Unlike cortisol, lactate levels have 
been shown to peak in the horse within 1 0  minutes after 
exercise has ceased and then quickly return to pre­
exercise levels (Lindner et.al., 1992). Therefore, the 
timing of the post-exercise samples for these parameters
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was appropriate to estimate peak levels. Since control 
ponies were bled while other ponies were running, this 
accounted for diurnal and circadian rhythms that are known 
to alter the secretion of these mediators.
Although the suppression of the influenza virus- 
specific lymphoproliferative response was not significant 
in our study, a trend towards increased depression in the 
proliferative response with increased exercise intensity 
existed. The large degree of variability in the LP 
response in this group of animals and the small size of 
the experimental groups may account for the lack of a 
significant finding when performing statistical analysis. 
This inhibition is also more remarkable when considering 
that the LP response of control ponies increased in light 
of the psychological stress of handling and sample 
collection in these ponies. Exercise-induced inhibition of 
lymphoproliferation has been widely reported. The precise 
mechanism responsible is unknown, but has been attributed 
to alterations in circulating lymphocyte subpopulations 
(Hoffman-Goetz et.al., 1994) and alterations in cytokine 
(especially IL-2) production (Tvede et.al., 1994). The 
addition of IL-2 to the cultures partially overcame the 
inhibitory effect, suggesting that it was mediated at the 
level of IL-2 responsiveness and not just a lack of IL-2
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production. Also of interest, was the fact that inhibition 
of the proliferative response occurred before peak 
cortisol levels were attained. This suggests that other 
mediators such as catecholamines, corticotropin, and 
corticotropin releasing hormone could play a role in 
immune modulation (Hoffman-Goetz and Pedersen, 1994) .
In contrast to the paucity of information on the 
effect of exercise on lymphoproliferation, much more is 
known about the effects of exercise on LAK cell activity. 
Several studies have demonstrated that exercise can 
increase LAK cell and NK cell activity and that the 
magnitude of the change, at least for NK cells, increases 
with increases in exercise intensity and duration (Keadle 
et.al., 1993; Horohov et.al., 1996; Simpson and Hoffman- 
Goetz, 1990). Although several studies have correlated the 
increase in NK cell activity with an increase in 
circulating NK cells in the periphery in response to 
intense exercise (MacKinnon et.al., 1988), conflicting 
reports of exercise—induced increases in NK cell activity 
without commensurate increases in NK cell numbers 
predominate (Simpson and Hoffman-Goetz, 1990). Horses 
exercised at maximum intensity with heart rates greater 
than 200 bpm, demonstrated a post-exercise increase in LAK 
cell activity in all participants that was not due to
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increases in LAK cell precursor numbers (Horohov et.al., 
1996) . The results of this study suggested that the 
increase in LAK cell activity was the result of augmented 
cytolytic function of individual LAK cells and appeared to 
be due to a direct effect of one or more of the 
neurohormones produced during exercise on the LAK 
precursor cell.
The augmentation of LAK activity due to exercise 
increased with heart rate suggesting a causal relationship 
between LAK cell activity and exercise intensity. An 
association between LAK activity and increases in cortisol 
or lactate production could not be established. This is 
consistent with reports that LAK cell and NK cell function 
are modulated by increases in epinephrine secretion during 
exercise and not by increases in cortisol or lactate (Crary 
et.al., 1983; Kappel et.al., 1991; Keadle et.al., 1993). 
Epinephrine secretion increases up to five—fold within 60 
seconds of intense exercise and increases with exercise 
intensity. In contrast to LAK activity, suppression of 
lymphoproliferation due to exercise was not related to 
increases in heart rate, cortisol, or lactate. This 
suggests that the exercise stress-induced immune modulation 
of antigen-specific lymphoproliferation is due to a
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mechanism that is different than that of LAK activity and is 
not due to increases in cortisol or lactate production-
In summary, heart rate is a good indicator of exercise 
intensity in the horse. The highest levels of plasma 
cortisol, plasma lactate, and immune modulation were noted 
in ponies that attained the highest heart rates. A trend 
existed in changes in these parameters and increases in 
exercise intensity as measured by heart rate. Furthermore, 
the results suggest that a causal relationship existed 
between exercise stress-induced increases in LAK activity 
and increases in heart rate. The increased LAK activity was 
not related to increases in cortisol or lactate. Exercise- 
induced suppression of the antigen specific LP response 
could not be related to increases in heart rate, cortisol or 
lactate production. Further studies need to address the 
changes in immune function and the mechanisms involved in 
these changes as a result of exercise-induced stress in the 
horse and whether these modulations in immune function play 
a role in susceptibility to disease.
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CHAPTER 2
EXERCISE ALTERS THE IMMUNE RESPONSE TO 
EQUINE INFLUENZA VIRUS AND INCREASES 
SUSCEPTIBILITY TO INFECTION
Introduction
Equine respiratory disease ranks second only to colic 
as the most common disorder requiring medical attention 
(Willoughby and Ecker, 1990; Traub-Dargatz et al., 1991). 
Influenza virus remains the most common pathogen 
identified in primary equine respiratory infections in 
North America (Willoughby and Ecker, 1990; Chambers et 
al., 1995). The limitations of the currently available 
influenza vaccines in preventing disease are well known 
(Chambers et al., 1995; Mumford, 1992). Young horses and 
those involved in competitive events appear to be at 
particular risk for influenzal infection (Mumford, 1992; 
Gerber, 198 6 ). While a number of factors contribute to 
susceptibility to infection (Chambers and Holland, 1995), 
the possibility of exercise stress contributing to 
influenzal disease should also be considered.
Exercise is considered a physical stressor and has 
been shown to have profound effects on the immune system
65
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of humans (Hoffman-Goetz and Pedersen, 1994), pigs (Waern 
and Fossum, 1993), cattle (Andersson et al., 1991), and 
rats (Mahan and Young, 198 9). Previous studies in ours 
and other laboratories have shown dramatic effects of 
exercise on the immune system in the horse (Keadle et al., 
1993; Kurcz et al., 1988; Lagried et al., 1988; Wong et 
al., 1992). While there is evidence to suggest a 
relationship between exercise stress and respiratory viral 
disease, the mechanism remains to be defined (Nieman,
1994; Shephard and Shek, 1994) . In general it has proven 
difficult to associate specific stress-induced alterations 
in immune responses with an increased susceptibility to 
disease (Zwilling, 1992). Here we demonstrate an 
association between exercise stress-induced inhibition of 
influenza virus-specific T-cell responses and an increased 
susceptibility to equine influenza virus infection in 
vaccinated ponies.
Materials and Methods
Ponies and exercise protocol- A total of twelve grade 
ponies were used for this study. Eight of the ponies were 
vaccinated with two doses of an equine influenza virus 
vaccine (Fluvac, Fort Dodge, Fort dodge, lA) 12 weeks 
prior to entry into the study. Ponies were housed in open- 
air stalls and fed 4 quarts of a pelleted ration (Purina
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Horse Chow 200, Purina Mills, St. Louis, MO) twice a day. 
One group of ponies (n=4) was subjected to a rigorous 5 
day exercise program while the second group (n=4) remained 
in stalls and served as rested controls. A third group of 
four non-vaccinated ponies served as positive controls for 
the equine influenza virus challenge. A Mustang 2200 High 
Performance equine treadmill (Kagra Intl. Inc.,
Fahrwangan, Switzerland) was used for the 5 day exercise 
program. Following a warm-up period of 5 minutes at 1.5 
m/s, the ponies were subjected to incremental speed 
increases at 2  minute intervals culminating in a final 
speed of 8.5 m/s. The treadmill was initially raised to a 
7 % incline to increase the workload of the exercise bout. 
Upon completion of the 8.5 m/sec phase of the exercise the 
speed was reduced to 3.5 m/s for 2 minutes and the 
treadmill lowered. The ponies were then cooled down at 1.5 
m/s for 15 minutes. Heart rate was assessed throughout 
the test using an on-board heart rate monitor (Hippocard 
PEH2000, Bioengineering of Zurich, Switzerland). Blood 
samples for lactate analysis were collected prior to 
exercise, immediately following the gallop (T= 13 min), 
and 20, 30, 60, 90, and 120 minutes later via a pre-placed 
jugular catheter into tubes containing oxalate and 
fluoride. The tubes were immediately centrifuged and the
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plasma was separated for storage at -20® C. Subsequent 
analysis utilized a lactic acid kit [Sigmay St. Louis, MO) 
and a wide-bandwidth spectrophotometer. All experimental 
procedures were approved by the Institutional Animal Care 
and Use Committee.
rsola.tion o£ Equim* PBMC - On day 1 and again on day 
5 venous blood was collected at the start of the treadmill 
and following completion of the 8.5 m/s gallop. Rested 
control ponies were bled at corresponding time points. 
Blood was obtained from the jugular vein via a pre-placed 
catheter. Equine peripheral blood mononuclear cells 
(PBMC) were isolated by differential centrifugation over 
lymphocyte separation medium (Sigma, St. Louis, MO).
After washing in calcium and magnesium free phosphate 
buffered saline (PBS-CMF), the PBMC were suspended at a 
concentration of 10® cells/ml in RPMI-1640 supplemented 
with 10“® M 2-mercaptoethanol, 2 mM glutamine, 100 U/ml 
penicillin, 100 pg/ml streptomycin and 5% (v/v) heat 
inactivated fetal bovine serum (Sigma, St. Louis, MO).
Lymphokin# kxllar cell (XAK) assay- LAK
cell activity in ponies was demonstrated by incubating 
PBMC with 250 units/mi of recombinant human IL—2 
(Boehringer Mannheim, Indianapolis, IN; Cellular Products, 
Buffalo, NY) for 3 days and assaying these cells for
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6 9
cytolytic activity against an equine tumor cell line, 
EqT8 8 8 8 , as previously described (Hormanski at ai., 1992). 
The percent specific lysis was then calculated using the 
formula: (experimental release - spontaneous release)/
(total release - spontaneous) X 100. Three 
effector:target ratios were employed and results are 
reported as 20% lytic units per 10® PBMC.
Zquin* xn£lu«nsa virus specific l]fephoproliferetion- 
Lymphoproliferative response to equine influenza virus was 
demonstrated by incubating 2  x 1 0 ® cells/ well in 1 0 0  nl 
of RPMI-1640 medium in 4 replicate wells of a 96 well 
round bottomed plate with 100 pi of a 1:32 dilution of an 
influenza virus (A/Equine/Miami/63, EID50 >10®/ml, HA titer 
= 160) stock solution obtained from allantoic fluid of 
embryonated hen's eggs. Ponies were vaccinated with Fluvac 
(Fort Dodge) which contains the equine influenza virus 
A/Equine/Miami/63 and PBMC from all ponies failed to 
proliferate to allantoic fluid. Additional wells 
containing medium only were included on each plate as 
negative controls. A duplicate set of plates containing 10 
units/ml of recombinant human IL-2 in each well was also 
included. Plates were incubated at 39° C and 5% CO2 for 5 
days at which time they were pulsed with 0.5 pCi ® H- 
thymidine for 4 hours. Cultures were then harvested onto
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glass fiber filter paper and counted in a liquid 
scintillation counter. Results were calculated as net 
counts per minute (CPM) by subtracting the thymidine 
incorporation (in CPM) of the PBMC cultures containing 
media alone from the thymidine incorporation (in CPM) 
of the cultures stimulated with equine influenza virus.
RNA extraction, eOHA synthesis, and PCR 
asqplificaticn- Cytokine-specific mRNA analysis was 
performed using a reverse-transcriptase-polymerase chain 
reaction (RT-PCR) procedure (Horohov et.al., 1994, 
Swiderski, et.al., 1999). 3 x 10® PBMC were incubated with 
equine influenza virus for 48 hours and whole cell lysates 
were stored frozen in RNA Stat-60 reagent(Tel-Test, 
Friendswood, TX). Samples were thawed and the RNA isolated 
using a chloroform extraction procedure (Chomczynski and 
Sacchi, 1987)* Three hundred nanograms of RNA in a volume 
of 17.5 1 1 1 diethyl pyrocarbonate (DEPC)-treated water were 
heated to 65° C for 10 minutes to denature the RNA and 
then chilled on ice and pulse spun in a microcentrifuge at 
4° C. Each reaction contained 22.5 pi reagent master mix 
with a final concentration of IX first strand buffer 
(Gibco BRL, Gaithersburg, MD), 0.5 mM dNTP (Perkin-Elmer, 
Norwalk, CT), 1.0 pM Oligo—dT (Promega, Madison, WI), lOmM 
DTT (Gibco), 0.075 ug/pl BSA (NEB, Beverly, MA), 120 Units
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RNAsin. (Promega) , and 800 units of Moloney Murine Leukemia 
Virus Reverse Transcriptase (BRL). The reaction was 
incubated for 10 minutes at 25° C to facilitate primer 
annealing, followed by 1 hour at 40° C. DEPC-treated water 
was substituted for MMLV-RT in control reactions in order 
to detect DNA contamination. Specific cDNA was then 
amplified using the Taq thermostable polymerase (Perkin 
Elmer) and primers based on published sequences for equine 
IL-2, equine gamma-IFN, and equine beta-actin. Beta-actin 
was included as an internal positive control. The PCR 
reaction mixture was prepared in a 50 pi volume containing 
5 pi of cDNA, IX PCR buffer (Perkin Elmer) , 200 pM of each 
dNTP (Perkin Elmer), 2.5 units of Taq polymerase (Perkin 
Elmer) and 10 pmol of each respective 5' and 3 ' primer.
The reaction was run for 40 cycles with dénaturation at 
94° C for 30 seconds, an annealing temperature of 55° C 
for 30 seconds, and extension at 72° C for 60 seconds in a 
GeneAmp PCR System 9600 Thermal Cycler (Perkin-Elmer) . The 
reaction concluded with a 5 minute extension phase at 72° 
C. Samples were run in triplicate and each reaction 
included a positive and negative control.
Quantification of PCR product - PCR products were 
quantified using the QPCR System 5000 (Perkin-Elmer) 
(Swiderski, et.al, 1999). Five pi of PCR product was
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hybridized in a 50 pi reaction containing 10 pmoles of 
target-specific TBR-labeled oligonucleotide probe and IX 
PCR buffer without MgClz (Perkin-Elmer). The reaction was 
heated to 95° C for 90 seconds followed by 5 minutes at 
55° C. Biotinylated PCR product was then captured by 
adding 15 pi of streptavidin coated iron beads (Dynabeads, 
Perkin Elmer) to the hybridization reaction and incubating 
at 55° C for 30 minutes. The reaction was transferred to a 
175 mm polypropylene tube containing 335 pi QPCR Assay 
Buffer (Perkin Elmer), quantified on the QPCR Systgm 5000, 
and reported as luminosity units. Luminosity values were 
plotted against initial template numbers which were 
derived from plasmid standard curves for each 
amplification, to interpolate initial template numbers in 
the cDNA reactions. Theses values were then designated as 
copy units. QPCR analysis of beta-actin from corresponding 
cDNA samples was used to correct for inter-sample 
variations (Swiderski, et.al., 1999).
Equine Influence virus infection - Immediately 
following exercise on the fourth day of the exercise 
program, all twelve ponies were fitted with a latex rubber 
mask and infected intranasally with aerosolized equine 
influenza virus A/Eq/Miami/63 (H3N8). This was 
accomplished by nebulizing 5 mis of virus ( EIDso > 10°
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/ml, HA titer = 160 ) into each pony (Puritan Bennet 
Model 160QF Twin Nebulizer, Carlsbad, CA). The exercise 
ponies completed the 5 day exercise protocol the following 
day and all ponies were observed for clinical signs of 
influenzal disease for 8  days. Detailed daily records were 
kept and included temperature, presence of a cough, 
presence of an inducible cough, presence and consistency 
of ocular and nasal discharge, lethargy, depression and 
anorexia.
Equin# influenza ELISA - Serum antibodies to equine 
influenza virus (A/equine/Miami/63) were determined 
immediately prior to exercise and at 3 weeks post 
infection, by an ELISA. Flat-bottomed microtitre plates 
(Immulon I, Dynatech Laboratories, Inc., Chantily, VA) 
were coated with influenza antigen by incubating 250 
nanograms of purified virus in 50 pi of ELISA coating 
buffer (0.015 M NazCOa, 0.035 M NaHCOj, 0.003 M NaNa) in 
each well for 18 hours at 4° C. Plates were washed 3 times 
with a solution of 0.05% Tween 20 in PBS (PBST) and then 
nonspecific binding sites were blocked using 1 0 0  pl/well 
of 1% fish gelatin (Sigma, St. Louis, MO) in PBS (PBSG) 
for 1 hour at room temperature. Pony sera were diluted 
two-fold in PBSG and 50 pi was added to triplicate wells. 
Serum from known high responding influenza positive and
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influenza negative ponies were included on each plate and 
served as standard positive and negative controls. Plates 
were incubated for 90 minutes at 37° C then washed three 
times with PBST. Affinity-purified, horseradish 
peroxidase-conjugated goat anti-equine IgG, heavy and 
light chain specific (Jackson Immunoresearch Labs, West 
Grove, PA) was diluted 1:40,000 in PBSG ,and added to each 
well in 50 pi aliquots. Plates were incubated for 90 
minutes and then washed three times with PBST. Seventy 
five microliters of 3,3',5,5'-tetramethylbenzidine (TMB, 
Kirkeguard and Perry, Gaithersburg, MD) substrate was 
added to each well. Reactions were allowed to proceed for 
5 minutes for optimum color development. Optical density 
(00) was recorded at 630 nm using an automated ELISA 
reader (Biorad Laboratories, Hercules,CA) . Titers were 
determined by linear regression by comparing sample 
optical density (OD) units to a normalized standard 
positive curve derived from each plate.
Equin# influenmm virus specific serum neutralising 
antibodies- Twenty thousand MOCK cells suspended in 100 pi 
of minimal essential medium (MEM) containing sodium 
bicarbonate, 25 mM HEPES, 2 mM glutamine, 100 U/ml 
penicillin, 1 0 0  pg/ml streptomycin and 1 0  % heat- 
inactivated fetal calf serum were added to all but three
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wells of a 96 well flat bottomed plate. After a three day 
incubation period at 37° C and 5% CO; , the plates were 
washed three times with PBS-CMF. Sterile heat—inactivated 
pony serum samples were diluted in 1 0 0  pi of medium and 
added to 1 0 0  pi of a 1 :1 0 * dilution of equine influenza 
virus stock solution. After incubating for 1 hour at 4° C, 
30 pi of the serum-virus mixture was added to triplicate 
wells of the washed MDCK plates. The plates were incubated 
at 37° C and 5% CO2 for 1 hour with periodic mixing. After 
washing the plates twice with PBS-CMF, 100 pi of serum 
free MEM containing 16 units/ml of trypsin (Sigma, St. 
Louis, MO) was added to each well. The plates were 
incubated at 33° C and 5% CO2 for 2 additional days, then 
washed twice with PBS-CMF and fixed with methanol for 30 
minutes. The plates were then stained with 0.5% crystal 
violet in 20% ethanol for 30 minutes. After washing away 
free crystal violet with distilled water, absorbance at 
630 nm was recorded on an automated ELISA plate reader.
Equin* lnflu«nsa. v i m #  identification- Equine 
influenza virus antigen was detected in nasal secretions 
of ponies using the FluCheck kit (FluCheck, Becton 
Dickinson and Co., Sparks, MD) which detects influenza 
virus antigens. Initially designed to detect human
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influenza viruses, the kit also detects equine influenza 
virus NP antigen (Chambers et al., 1994).
Stmtiaticml Analyaem - Pre- and post-exercise samples 
were analyzed using paired t-tests when comparing 
individual animal exercise values. One way analyses of 
variance tests were used to compare rested to exercised 
ponies. Differences were considered significant at the 
P<0.05 level. All statistical analyses were performed 
using a commercial software program (SigmaStat, Jandel 
Scientific Software, San Rafael, CA).
Results
Hsart rate and Lactate levels- Mean heart rate levels 
of the four exercised ponies are shown for day 1  and for 
day 5 of the exercise program (Figure 2.1). Heart rates 
were recorded every 5 seconds for each pony during the 
exercise protocol. Average peak heart rates of 202 and 198 
beats per minute for day 1 and day 5, respectively, 
coincided with the highest treadmill speed of 8.5 m/s.
Mean heart rate levels were slightly higher on day 5 than 
those recorded on day 1 .
Mean plasma lactate levels of the exercised ponies on 
day 1 and day 5 of the exercise program are shown in 
Figure 2.2. Average peak lactate levels of 13.5 and 6.3 
mM/L for day 1 and day 5, respectively, were observed 12
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Figure 2.1. Mean heart rates of the exercised ponies 
recorded on day 1 and day 5 of the exercise program.
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minutes after exercise onset and. coincided with, the 
maximum treadmill speed of 8.5 m/s and rapidly declined 
over the next 2 hours. On both days, the peaks were well 
above 4 mM/L indicating the presence of anaerobic 
metabolism. However, the peak on day 5 was significantly 
lower than the day 1  peak (P < 0.01) .
LAK c#ll induction- Exercise has been reported to 
increase LAK activity in a number of species, including 
the horse (Keadle et al., 1993). Figure 2.3 shows LAK 
cell induction in PBMC cultures from rested and exercised 
ponies. On day 1 of the exercise program there was a 
significant increase in LAK cell activity in all four 
exercised ponies with a mean of 150 lytic units compared 
to a pre-exercise mean of 36 lytic units (P < 0.05) . On 
day 5, no significant differences in LAK cell activity 
were evident between post-exercise ( 2 0  lytic units) and 
pre-exercise (16 lytic units) timepoints, though the 
pre-exercise LAK response is depressed compared to the 
response seen on the first day of exercise (P < 0.05) . No 
significant difference in LAK activity was noted between 
the two timepoints of the rested control ponies on day 1  
and day 5 (P > 0.5).
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Figure 2.2. Mean plasma lactate levels of exercised 
ponies collected on day 1 and on day 5 of the 
exercise program.







Rested Day 1 Days
Figure 2.3. LAK cell activity in equine PBMC cultures. 
PBMC were collected on day 1 and on day 5 of the 
exercise program, prior to and immediately following 
exercise. The 'Rested' group represents control pony 
data. Bars represent means + SE of 20% lytic units.
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Effect of oxorclso on th* lyi^hoprollferative
response - The effects of exercise on the antigen specific 
lymphoproliferative response to equine influenza virus for 
the exercised ponies is shown in Figure 2.4 along with 
those from the rested control ponies. On day 1 of the 
exercise program, the mean post-exercise lymphoprolif­
erative response of the four ponies (1386 CPM) was lower 
than the mean pre-exercise response (2436 CPM). While 
the post-exercise suppression of virus specific 
lymphoproliferation is no longer evident on the fifth day 
of exercise, the pre-exercise proliferative response on 
day 5 (937 CPM) is lower than the corresponding day 1 pre­
exercise response (2436 CPM).
To determine whether the post-exercise depression in 
the equine influenza virus-specific lymphoproliferative 
response was due to a lack of IL-2 production, 10 U/ml of 
the cytokine was added to the cultures. IL-2 increased the 
CPM in all cultures as shown in Figure 2.5. The post- 
exercise reduction seen on day 1 in the exercised ponies 
was not as evident when IL-2 was added, and 2 of the 4 
ponies had higher post-exercise counts. The addition of 
IL-2 was unable to overcome the overall depression in 
lymphoproliferation to equine influenza virus seen on 
day 5 as the pre-exercise proliferative response on day 5
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Figure 2.4. Lymphoproliferative response of equine PBMC 
to equine influenza virus. PBMC were collected on day 1 
and on day 5 of the exercise program prior to and 
immediately following exercise. The Rested group 
represents control pony data. Bars represent means +
SE of ^H-thymidine incorporation on day five of culture. 
Media background values are shown for comparison.
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Figure 2.5. Lymphoproliferative response of equine PBMC to 
equine influenza virus + 10 units/ml of IL-2. PBMC were 
collected on day 1 and on day 5 of the exercise program 
prior to and immediately following exercise. The Rested 
group represents control pony data. Bars represent means 
+ SE of thymidine incorporation on day five of culture.
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(5581 CPtî) was significantly lower than the pre-exercise 
response on day 1 (12235 CPM? P = 0.046).
Cytokim* oRNA. level# - In order to assess the effect 
of exercise on IL—2 and gamma—interferon production, 
cytokine-specific mRNA was PCR amplified from influenza 
virus stimulated PBMC cultures. PBMC from exercised 
ponies on day 1 of the exercise program demonstrated a 
16% increase in IL-2 as a result of exercise (Figure 2.6) . 
PBMC from the same ponies on day 5, showed a 16% decrease 
in IL-2 levels post-exercise. Gamma-1FN levels were 
reduced by 61% on day 1 and by 41% on day 5 in the post­
exercise samples compared to pre-exercise levels (Figure 
2.7). Control ponies showed no difference in IL-2 while 
demonstrating a slight (8%) increase in gamma-IFN levels.
Chall#ng# study - In order to correlate the in vitro 
immunomodulatory effects of exercise with immunity in 
vivo, a live equine influenza virus challenge was 
administered following exercise. In an earlier study, 
vaccinated ponies challenged with live virus after a 
single bout of intense exercise exhibited no clinical 
signs of influenzal disease (data not shown) . To 
determine if chronic exercise could pre-dispose the ponies 
to disease, an intranasal inoculation with aerosolized 
virus took place following the fourth day of exercise.
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Figure 2.6. QPCR analysis of IL-2 from influenza 
stimulated PBMC. Equine PBMC were stimulated for 
48 hours with equine influenza virus followed by 
RNA isolation. Complementary DNA was produced by 
reverse transcription followed by PCR and 
quantitative analysis of IL-2. Bars represent 
mean copy number for the horses in the acute 
stress test, chronic stress test, and control 
groups + standard error.










Figure 2.7. Q-PCR anlysis of gainma-interferon from 
influenza stimulated PBMC. Equine PBMC were 
stimulated for 48 hours with equine influenza 
virus followed by RNA isolation. Complementary DNA 
was produced by reverse transcription followed by 
PCR and quantitative analysis of gainma-interferon. 
Bars represent mean copy number for horses in the 
acute stress test, chronic stress test, and 
control groups + standard error.
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Clinical signs of the exercised ponies as well as the 
rested controls and 4 influenza-naive ponies are shown in 
Table 2.1. Three of the 4 ponies in the exercise group, 
as well as the 4 naive ponies, showed clinical signs of 
influenzal disease including fever, cough and nasal 
discharge. All 4 exercised ponies showed some degree of 
anorexia following infection. None of the rested control 
ponies showed any clinical signs of influenzal disease 
following challenge. Equine influenza virus was 
identified in the nasal secretions of exercised and naive 
ponies, but not from the rested controls (data not shown).
Cquxn* influ#n%* BLISA - Figure 2.8 shows the serum 
IgG antibody response of all ponies to equine influenza 
virus immediately prior to challenge and at 3 weeks post- 
challenge. Both groups of vaccinated ponies exhibited 
antibody titers at the time of challenge with the 
exercised ponies having slightly, though not 
significantly, higher titers than the rested ponies. The 
naive ponies had no pre-existing antibodies to equine 
influenza prior to challenge. Following challenge, naive 
ponies exhibit significant increases (̂  32-fold) in IgG 
antibody titers. While only one of the rested control 
ponies showed a slight increase (2—fold) in antibody titer 
following infection , two of the exercised ponies
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Table 2.1. Clinical signs in experimentally infected 
ponies. Ponies were either kept in their stalls (Rested) 
or subjected to five days of intensive exercise 
(Exercised). Immunological status to equine influenza is 
indicated by Naive or Immune. Rectal temperatures were 
taken twice daily (AM and PM). A "+" indicates a fever of 
>102.5° F for 24 hours or less while a "++" indicates a 
fever of >102.5° F for more than 24 hours. A indicates




PONY FEVER COUGH NASAL
DISCHARGE
Rested Naive 52 ++ ++ Serous
Rested Naive 54 ++ ++ Serous
Rested Naive 55 ++ ++ Mucus
Rested Naive 61 ++ ++ Serous
Rested Immune 2 — — Serous
Rested Immune 25 — — None
Rested Immune 11 — — Serous
Rested Immune 302 — — None
Exercised Immune 13 ++ + Mucus
Exercised Immune 401 — — None
Exercised Immune 19 ++ + Serous
Exercised Immune 22 ++ + Serous
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Figure 2.8. Serum equine influenza IgG antibody titers 
of exercised, rested, and naive ponies. Pre-infection 
titers are shown with the black bars and 3 week post- 
infection titers are shown with the gray bars. Titers 
are expressed as two-fold differences on the Y axis.
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exhibited increased 4-fold) antibody titers post­
challenge. There were no differences noted when comparing 
pre-challenge titers between the exercised and rested 
ponies. Likewise, there were no differences noted when 
comparing the post-challenge titers between these two 
groups. There was a significant difference seen when 
comparing pre-challenge (P < 0.001 for both rested and 
exercised compared to naive) and post-challenge titers 
between the rested and naive (P = 0.010) and exercised and 
naive (P = 0.011) ponies.
SeruA n#utraliming mntibotly txbres - In order to 
better correlate antibody levels with protection from 
equine influenza virus, serum neutralizing antibody titers 
were determined. Figure 2.9 shows the serum neutralizing 
(SN) antibody titres of the exercised and the rested 
control ponies immediately prior to challenge and at 3 
weeks post-challenge. Both groups of vaccinated ponies 
demonstrated SN antibody titres at the time of challenge 
with the exercised ponies having slightly, though not 
significantly, lower antibody titers compared to the 
rested, vaccinated ponies. The naive ponies had no pre­
existing antibodies prior to challenge. Following the 
challenge, the naive ponies exhibit characteristic 
increases {^32-fold) in SN antibody titers. While only
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Figure 2.9. Serum influenza neutralizing antibody titers 
of exercised, rested, and naive ponies. Pre-infection 
titers are shown with the black bars and three week post­
infection titers are shown with the gray bars. Titers 
are expressed as two-fold differences on the Y axis.
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one of the rested control ponies showed a slight increase 
(2-fold) in SN titre following infection, three of the 
four exercised ponies exhibited increased (>4-fold) SN 
antibody titres post-challenge. There were no differences 
noted when comparing pre—challenge titers between the 
exercised and rested ponies. Likewise, there were no 
differences noted when comparing the post-challenge titers 
between these two groups. There was a significant 
difference seen when comparing pre-challenge titers (P < 
0.010) for both rested and exercised ponies compared to 
naive ponies. Unlike ELISA titers, there were no 
differences noted in post-challenge titers when comparing 
the rested to naive and exercised to naive ponies. 
Discussion
Exercise has been shown to have profound effects on 
the immune system (Hoffman-Goetz and Pedersen, 1994; Waern 
and Possum, 1993; Andersson at al., 1991; Mahan and Young, 
198 9). The effect of exercise on immune function is 
dependent upon the intensity of the exercise and the 
physical fitness of the subject (Nieman at al., 1993).
Most studies have focused on the effect of a single bout 
of exercise on immune function. Under such conditions the 
effect is typically immediate and transitory (Keast at 
al.,1988). Whether such temporary changes result in a
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predisposition towards disease seems unlikely. By 
contrast, repetitive bouts of exercise and sustained 
periods of exercise-induced stress result in prolonged 
alterations in immune function (Hickson and Boone, 1991). 
Such exercise-induced changes in immune function have been 
implicated in increased incidence of disease in 
overtrained athletes (Fitzgerald, 1991). Horses subjected 
to interval training exhibit significantly suppressed 
levels of alveolar macrophage function (Lagried et al., 
1988). Whether this predisposes these animals to disease 
remains to be determined. Here we have examined the 
effect of both acute and chronic exercise on immune 
function in ponies.
The point at which an individual becomes stressed 
while exercising has not been clearly defined, but several 
reliable parameters have been utilized to measure exercise 
intensity. Heart rate levels of 200 beats per minute or 
greater and lactate levels greater than 4 mM are generally 
accepted as indicators of maximal exercise in horses 
(Persson, 1985), and we have shown that this level of 
exercise intensity is sufficient to cause immune 
modulation (Keadle et al., 1993; Folsom et.al.. In 
Preparation). The exercise protocol used in this study 
achieved pony heart rates of 200 bpm and plasma lactate
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levels in excess of 4 mM. The immune modulation observed 
on the first day of exercise is identical to those changes 
seen in acutely exercised horses and included augmented 
LAK cell induction and decreased lymphoproliferative 
responses. Exercise induced augmentation of NK and LAK 
activity has been widely reported (Shephard et al., 1994). 
Exercise-induced inhibition of lymphoproliferation has 
likewise been widely reported and has been attributed to 
alterations in circulating lymphocyte subpopulations 
(Hoffman-Goetz et al., 1994) and decreased cytokine 
production (Tvede et al., 1994).
Previous studies have demonstrated reduced expression 
of IL-2 and gamma-IFN mRNA as a result of single bouts of 
intense exercise (Lewicki et.al., 1988; Khan et.al.,
198 6 ). Most of these studies have concentrated on 
unstimulated or mitogen stimulated PBMC. Interestingly, 
multiple researchers have reported significant increases 
in gamma-IFN plasma concentrations following moderate and 
intense exercise (Sprenger et.al., 1992; Viti et.al.,
1985). This study demonstrates that virus-stimulated PBMC 
from exercised ponies exhibit a decrease in gamma-IFN 
after both acute and chronic exercise, no change in IL-2 
levels after acute exercise and a decrease in IL-2 
following multiple bouts of intense exercise. This
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suggests that there may be differences in IL-2 production 
following chronic exercise stress that are not evident 
after a single episode of intense exercise and that the 
mediators responsible for these changes have different 
effects for different cytokines. Supplementing the PBMC 
cultures with IL-2 only partially restored the 
proliferative response, suggesting that responsiveness to 
this cytokine may also be impaired. Even though the in 
vitro response to the virus was affected, a single bout of 
exercise did not increase the susceptibility of the ponies 
to an influenza virus challenge. These results are thus 
consistent with the notion that transient changes in 
immune function associated with a single bout of exercise 
do not result in increased susceptibility to infection.
The exercise—induced decrease in gamma-interferon 
mRNA production from influenza stimulated PBMC is a 
particularly interesting observation. THl helper T cells, 
CD8 + T cells, and natural killer cells are the only cells 
that produce gamma-interferon. Lymphokine activated killer 
cells are thought to be closely related to natural killer 
cells and there is considerable evidence that LAK cells 
are derived from NK cells (Lunn et.al., 1996; Phillips and 
Lanier, 198 6 ). PBMC from day 1 exercised ponies 
demonstrated a significant exercise-induced increase in
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LAK cell activity with a corresponding 61% decrease in 
gamma-interferon mRNA production following intense 
exercise. PBMC from day 5 exercised ponies exhibited no 
exercise-induced change in LAK cell induction with a 41% 
decrease in gamma-interferon mRNA. Even more remarkable is 
the fact that day 5 resting mRNA levels of gamma- 
interferon are much higher than day 1 resting mRNA levels. 
The gamma-interferon picture is further confounded with 
the fact that ponies exhibited lower levels of LAK cell 
activity on day 5 and that resting T-cell proliferative 
responses on day 5 were also greatly reduced. Clearly, 
more research is needed to elucidate the mechanism of 
gamma-interferon production and its effect on cell- 
mediated immunity in this model system.
By the fifth day of exercise several notable changes 
occurred in the ponies. While there was no significant 
difference in heart rates between day 1 and 5 of exercise, 
there was a significant decrease in lactic acid 
production. The reduced plasma lactate concentrations 
observed on day 5 in our study suggests a reduction in 
anaerobic capacity. There are several possible 
explanations for this. First, the repeated bouts of 
intense exercise in the unfit ponies may have induced a 
transient 'overtraining' or 'overreaching' syndrome.
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Overtraining is associated with impaired autonomic 
regulation, diminished catecholamine secretion and lactate 
mobilization, accelerated fatiguability and subjective 
symptoms of stress (Jeukendrup and Hesselink, 1994; 
CJrhausen et ai., 1995). Although day 5 ponies completed 
the exercise bout, they generated significantly lower 
lactates, were less compliant and required more 
encouragement to complete the bout. Short term 
overtraining has been reported in humans following only 2  
weeks of intensive interval training. Ratios of plasma 
lactate to perceived exertion declined after weeks one and 
two of training (Snyder et ai, 1993) .
It is also possible that day 5 ponies experienced 
some reduction in fast-twitch muscle fiber glycogen and 
therefore a decrease in substrate availability for lactate 
production. Muscle fiber glycogen depletion has been 
reported in Standardbred horses performing several 
intervals of draught loaded exercise (to exhaustion) on a 
treadmill (Gottlieb, 1989). This hypothesis cannot be 
confirmed in our study since muscle glycogen was not 
assayed. Other factors may have been involved as well. 
Although less likely, an alteration in the rate of lactate 
efflux from muscles, an increased rate of lactate removal 
by the liver, and an increased rate of lactate utilization
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by the muscle may have occurred. However, these are 
generally associated with performance enhancement. It is 
possible that 5 days of consecutive exercise conditioned 
rather than overtrained the ponies. Equine studies have 
shown that horses trained for 5 weeks showed a decreased 
peak lactate production compared to their detrained levels 
during standard exercise tests (Thornton et al., 1983). 
Similarly, other studies have shown that fit horses 
performed standardized exercise tests with lower lactate 
production than unfit horses (Harkins et al., 1993).
Based on the aversion to exercise, the difficulty in 
performing the day 5 bout, and the lack of change in heart 
rate, this is not a likely explanation in our study.
Significant alterations in immunological responses 
were also evident on the fifth day. PBMC from day 5 ponies 
exhibited decreased levels of LAK activity and the post- 
exercise augmentation of LAK induction observed on day 1 
was no longer evident by day 5. These results suggest that 
the PBMC were unable to respond to IL-2. This apparent 
unresponsiveness to IL—2 was also seen in the cell- 
mediated immune response to equine influenza virus. The 
lymphoproliferative response to the virus was greatly 
reduced in three of the ponies, when compared to their 
pre-exercise response on the first day. Supplementing the
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cultures with IL-2 likewise failed to restore the 
proliferative response to the levels seen on the first day 
of exercise. These results indicate that the exercise- 
induced suppression seen on day 5 was more profound than 
that seen on day one and appeared to affect both the 
production and responsiveness to IL-2. Even more striking 
was the increased susceptibility to ecpiine influenza virus 
infection. Consistent with the notion that chronic 
exercise may be more important in predisposing individuals 
to disease, three of the exercised ponies exhibited signs 
of influenzal disease following challenge. Whether the 
changes in LAK cell induction and/or virus-specific 
lymphoproliferation are themselves responsible for this 
increased susceptibility to disease or serve as indicators 
of an overall decreased immune responsiveness remains to 
be determined. While the exercised ponies had lower serum 
neutralizing antibody titers at the time of challenge, 
they were not significantly different from the rested 
ponies' titers. What affect exercise may have had on 
antibody titers and how this too may have contributed to 
disease susceptibility is also not known.
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THE MECHANISM OF EXERCISE INDUCED 
MODUIATION OF LIMPHOPROLIFERATION IN EQUIDS
Introduction
Exercise is a physical stressor and has been shown to 
have profound effects on the immune system of humans 
(Hoffman-Goetz and Pedersen, 1994) and laboratory animals 
(Mahan ad Young, 1989; Soppi et.al., 1982). Whereas 
research in this field has focused primarily on human 
subjects and laboratory animals, recent studies have 
addressed exercise-induced changes in immune function in 
domestic species including the horse. Studies have 
demonstrated that horses subjected to a single bout of 
intensive exercise respond with increased stress- 
associated hormone production and substantial alterations 
in cell-mediated immune responses, including an increased 
capacity to generate lymphokine activated killer (LAK) 
cell activity and suppression of antigen-specific and 
mitogen-specific proliferative responses (Keadle 
et.al.,1993; Kurcz et.al., 1988; Hines et.al., 1996). The 
severity of this effect in the horse has been shown to
100
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increase as the intensity of exercise increases and 
differs in response to single bouts of high intensity 
exercise and multiple bouts of intense exercise (Ferry 
et.al.r 1990; Folsom et.al.. In Preparation; Folsom 
et.al., 1995).
Establishing a relationship between exercise, immune 
function, and disease has been difficult due to variations 
in exercise-induced immune modulation and the complexity 
of the immune system. Previous work has shown that horses 
subjected to chronic intense exercise have increased 
susceptibility to influenza virus infection, while horses 
subjected to a single bout of intense exercise showed no 
changes in susceptibility to disease (Folsom et.al.,
1995). In both humans and horses, repetitive bouts of 
exercise result in prolonged and increased alterations in 
immune function (Hickson and Boone, 1991; Folsom et.al., 
1995) including depression of LAK cell activity and 
suppression of influenza-specific lymphoproliferative 
responses. Since these changes involve both the innate and 
adaptive arms of the immune response, they may be 
indicators of the state of the immune system and thus 
correlate to changes in disease susceptibility. The 
precise mechanism responsible for these changes is 
unknown, but is thought to be due to alterations in
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circulating lymphocyte subpopulations (Hoffman-Goetz 
et.al.f 1994) and alterations in cytokine production 
(Tvede et.al., 1994). Changes in equine LAK cell activity 
in response to exercise have been shown to be due to 
changes in the cytolytic function of individual LAK cells 
and not due to changes in LAK precursor cell numbers or 
changes in IL-2 expression (Horohov et.al., 1996). Far 
less information is available on the mechanism responsible 
for the suppression of antigen-specific and mitogen 
induced lymphoproliferation in response to exercise.
Activation, proliferation, and differentiation of 
lymphocytes are critical events in the generation of an 
effective immune response. Lymphoproliferation assays 
(e.g. ^H-thymidine incorporation) cytotoxicity assays, and 
antibody production tend to focus on the latter stages of 
these processes which are the result of a complex series 
of events involving specific receptors and signal 
transduction proteins. A variety of mechanisms may be 
involved in the alteration of lymphoproliferation due to 
stress including alterations in cell activation, cytokine 
production, cytokine receptor expression, and changes in 
signal transduction protein expression and activation. 
Signal transduction involves the activation of multiple 
protein tyrosine kinases, secondary mediators, and
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transcription, factors which result in gene transcription 
and subsequent effector cell function. Early events in T 
cell activation involve phosphorylation of multiple 
protein tyrosine kinases which in turn phosphorylate 
tyrosine residues on a number of key adaptor proteins in 
the generation of secondary messengers through the 
activation of phospholipase-Cy (PLCy) • In. addition to 
PLCYr other signaling pathways involve mitogen activated 
protein kinases (MAPK) and cytokine receptor mediated 
signal transduction pathways. Cytokine receptor signal 
transduction pathways involve members of the JAK family of 
tyrosine kinases which in turn activate specific signal 
transducers and activators of transcription (STAT) 
proteins. The activation of STAT proteins results in DNA 
transcription and replication. The effect of stress on 
these pathways is unknown, but may involve changes in the 
phosphorylation or expression of one or more of these 
proteins. Stress has been shown to induce the activation 
of a group of proteins known as the stress-activated 
protein kinases (SAPKs) (Kyriakis and Avruch, 1996), which 
interact with other elements of the antigen specific 
receptor signaling pathways of lymphocytes (Qin et.al., 
1997). The effect of these interactions and possible
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changes in signal transduction protein expression and 
activation on lymphoproliferation remains unknown.
The purpose of the study reported here was to 
investigate the mechanism involved in the suppression of 
the lymphoproliferative response as a result of intense 
exercise with particular emphasis on changes in lymphocyte 
numbers and subpopulations, cytokine expression and 
responsiveness, and changes in intracellular signal 
transduction protein expression and activation.
Material# and. Method#
Animal#- Eight unconditioned Thoroughbred horses and 
six unconditioned grade ponies were selected for this 
study. The eight horses were geldings ranging in age from 
7 to 17 years and the six ponies were 6  year old 
ovariectomized mares. Animals were gelded or 
ovariectomized to eliminate the effect of sex hormones on 
the immune system. All animals were housed in open-air 
stalls and were fed Omalene (Purina Mills, St. Louis, MO) 
twice daily except on the day of the stress test when food 
was withheld until the test was completed. All animals 
were vaccinated with 2  doses of a commercially available 
influenza virus vaccine (Fluvac Plus, Fort Dodge, Fort 
Dodge, lA) per label instructions with the booster 
administered 4 weeks prior to the initiation of the study.
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In addition to influenza, the six ponies were vaccinated 
with 1 mg of Keyhole Limpet Hemocyanin (KLH, Gibco/BRL, 
Gaithersburg, MD). All experimental procedures were 
approved by the Institutional Animal Care and Use 
Committee.
Sxazcxse Protocol- A Mustang 2200 High Performance 
Equine Treadmill (Kagra International, Inc.,Fahrwangen, 
Switzerland) was used for the exercise stress test. 
Following a two week adjustment period during which horses 
and ponies were walked on the treadmill, 4 horses and 4 
ponies were subjected to an acute exercise stress test on 
day 1 of a five day exercise program. The test was 
initiated at 6  AM and consisted of walking at 1-5 m/s for 
2 minutes, trotting at 3.5 m/s for 2 minutes, followed by 
incremental 1  m/s speed increases at 2  minute intervals 
until a heart rate of 2 0 0  beats per minute was obtained. 
The treadmill was raised to a 7% incline following the 3.5 
m/s trotting period and remained raised for the duration 
of the test to increase the workload. Once an animal 
maintained the 2 0 0  beats per minute target heart rate for 
the two minute interval, the stress test ended and post 
exercise samples were collected. All animals were walked 
for a minimum of 1 0  minutes or until cooled down following 
the stress test. Heart rates were assessed throughout the
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stress test by the use of an. onboard heart rate monitor 
(Hippocard PEH2000, Bioengineering of Zurich,
Switzerland). Venous blood was collected at the beginning 
of the stress test (T=0) and again upon completion of the 
stress test (T= determined by time to reach 200 beats per 
minute) for immunologic, hematologic and chemistry 
analysis. Cortisol samples were collected 20 minutes after 
the end of the stress test. Control animals (2 ponies and 
4 horses) were walked on the treadmill at 1.5 m/s and 
samples were collected prior to and 1 2  minutes after the 
initiation of the walk to correspond to the exercised 
animals' pre and post timepoints. A chronic exercise test 
was performed consisting of subjecting all exercised 
ponies and horses to a similar exercise bout on five 
consecutive days where each animal was run until the 
target heart rate (200 bpm) was achieved. Sample 
collection was performed on day 5 of the exercise program 
which followed the same protocol as the acute stress test 
and pre and post exercise samples were collected for 
immunologic, hematologic and chemistry analysis.
Blood Sampling and Lactnt# and Cortiaol Aaaays - 
Venous blood samples were collected into heparinized tubes 
(Becton Dickinson and Co., Franklin Lakes, NJ) prior to 
and immediately after exercise for immunologic assessment
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via a pre-placed jugular catheter. Additional blood 
samples ( 1 0  ml) were collected into tubes containing 
oxalate and fluoride for plasma lactate levels, tubes 
containing EDTA for hematologic analysis, as well as 
heparinized tubes for plasma cortisol determinations 2 0  
minutes following the completion of exercise. The samples 
for lactate and cortisol were immediately centrifuged and 
the plasma was separated for storage at —20° C. Plasma 
lactate concentration was measured in duplicate using a 
lactic acid kit (Sigma, St. Louis, MO) and a wide— 
bandwidth spectrophotometer. Plasma cortisol concentration 
was determined by radioimmunoassay by use of a commercial 
kit (Diagnostic Products Inc.). Identical samples were 
collected from control ponies.
Isolation of Bqui.no PBMC -Blood was obtained from the 
jugular vein via a pre-placed catheter. Equine peripheral 
blood mononuclear cells (PBMC) were isolated by 
differential centrifugation over lymphocyte separation 
medium (Sigma, St. Louis,MO). After washing in calcium and 
magnesium free phosphate buffered saline (PBS-CMF), the 
PBMC were suspended at a concentration of 10° cells/ml in 
RPMI-1640 supplemented with lOT* M 2-mercaptoethanol (2- 
ME), 2 mM glutamine, 100 D/ml penicillin, 100 pg/ml
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streptomycin and 5% heat inactivated fetal bovine serum 
(FBS, Sigma, St. Louis, MO).
Hmmmtology— Pre- and post-exercise samples were 
submitted for complete blood count (CBC) determinations 
and leukocyte differential determinations. Vacutainer 
tubes containing EDTA were used for blood collection. 
Samples were submitted for all control animals before 
walking on the treadmill and 1 2  minutes later 
corresponding with the exercised ponies' pre- and post­
exercise timepoints. Hematology was performed by the 
Veterinary Diagnostic Laboratory at Louisiana State 
University School of Veterinary Medicine.
Ly^hokin# activated killar call (LAR) assay- LAK 
cell activity in horses was demonstrated by incubating 
PBMC with high doses of recombinant human IL-2 (Boehringer 
Mannheim, Indianapolis, IN; Cellular Products, Buffalo,
NY) for 3 days and assaying these cells for cytolytic 
activity against an equine tumor cell line, EqTBBBB, as 
previously described (Hormanski et al., 1992). The percent 
specific lysis was then calculated using the formula: 
(experimental release - spontaneous release)/ (total 
release - spontaneous) X 100. Three effector:target 
ratios were employed and results are reported as 2 0 % lytic 
units per 10® PBMC.
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Mltog#n-Ind»c#d L]fmphoprolif#r&tion-
Lymphoproliferative responses to the mitogens 
phytohemagglutinin (PHA; 3 ug/ml)(Boehringer Mannheim, 
Indianapolis, IN) , concanavalin A (ConA; 2 pg/ml) 
(Boehringer Mannheim, Indianapolis, IN) and pokeweed 
mitogen (PWM; 4 pg/ml)(Sigma, St. Louis, MO) were 
determined by incubation of 2 x 10̂  PBMC/ well in 200 pi 
of growth medium, in 4 replicate wells of a 96-well round 
bottomed plate (Corning Glass Works, Corning, NY) 
containing diluted mitogens. Wells containing medium only 
were included as controls. An additional set of plates was 
set up with RPMI—1640 + 5% autologous serum from pre— and 
post-exercise samples. A duplicate set of plates contained 
10 units IL—2/ml in each well. Plates were incubated at 
39°C and 5% CO2 for 3 days, then pulsed with 1.0 pCi Ĥ- 
thymidine for 4 hours. Cultures were then harvested onto 
glass fiber filter paper and counted in a liquid 
scintillation counter. Results were calculated as net 
counts per minute (cpm) by subtracting the ^H-thymidine 
incorporation (in cpm) of the PBMC cultures containing 
medium alone from the ^H-thymidine incorporation (in cpm) 
of the cultures stimulated with mitogen.
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Sqain« in£lu«nza virus and KLB spécifié 
Igmphoproliferatioa— Lymphoproliferative response to 
equine influenza virus and KLH (Gibco/BRL) was 
demonstrated by incubating 2  x 1 0  ̂cells/ well in 1 0 0  p. 1  
of RPMI-1640 + 5% FBS medium in 4 replicate wells of a 96 
well round bottomed plate with 100 pi of either a 1:32 
dilution of an influenza virus (A/Ec[uine/Miami/69, EID5 0  
>10®/ml, HA titer = 160) stock solution obtained from 
allantoic fluid of embryonated hen's eggs, or 50 pg/ml of 
KLH. Ponies and horses were vaccinated with Fluvac (Fort 
Dodge) which contains the equine influenza virus 
A/Equine/Miami/63 and PBMC from all ponies and horses 
failed to proliferate to allantoic fluid. Additional wells 
containing medium only and pokeweed mitogen (PWM) 
stimulated (0.5 pg/ml ) cells were included on each plate 
as negative and positive controls. An additional set of 
plates was set up for KLH stimulated PBMC which contained 
RPMI-1640 with 5% autologous serum from pre- and post- 
exercise samples. A duplicate set of plates containing 10 
units/ml of recombinant human IL-2 in each well was also 
included. Plates were incubated at 39° C and 5% CO; for 5 
days at which time they were pulsed with 0.5 pCi  ̂H- 
thymidine for 4 hours. Cultures were then harvested onto 
glass fiber filter paper and counted in a liquid
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scintillation counter. Results were calculated as net 
counts per minute (CPM) by subtracting the thymidine 
incorporation (in CPM) of the PBMC cultures containing 
media alone from, the ^H-thymidine incorporation (in CPM) 
of the cultures stimulated with either equine influenza 
virus or KLH.
BMA. extraction ̂ cDint mynthami#, and PCR 
amplification— Cytokine-specific mRNA analysis was 
performed using a reverse-transcriptase-polymerase chain 
reaction (RT-PCR) procedure (Horohov et.al., 1994, 
Swiderski, et.al., 1999). 3 x 10® PBMC were incubated with 
equine influenza virus or PHA for 48 hours and whole cell 
lysates were stored frozen in RNA Stat-60 reagent(Tel- 
Test, Friendswood, TX) . Samples were thawed and the RNA 
isolated using a chloroform extraction procedure 
(Chomczynski and Sacchi, 1987)' Three hundred nanograms of 
RNA in a volume of 17.5 pi diethyl pyrocarbonate (DEPC)- 
treated water were heated to 65° C for 10 minutes to 
denature the RNA and then chilled on ice and pulse spun in 
a microcentrifuge at 4° C. Each reaction contained 22.5 pi 
reagent master mix with a final concentration of IX first 
strand buffer (Gibco BRL, Gaithersburg, MD) , 0.5 mM dNTP 
(Perkin-Elmer, Norwalk, CT), 1.0 pM Oligo-dT (Promega, 
Madison, WI) , lOmM DTT (Gibco), 0.075 ug/pl BSA (NEB,
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Beverly, MA) , 120 Units RNAsin (Promega), and 800 units of 
Moloney Murine Leukemia Virus Reverse Transcriptase (BRL). 
The reaction was incubated for 10 minutes at 25° C to 
facilitate primer annealing, followed by 1 hour at 40° C. 
DEPC-treated water was substituted for MMLV-RT in control 
reactions in order to detect genomic DNA contamination. 
Specific cDNA was then amplified using the Tag 
thermostable polymerase (Perkin Elmer) and primers based 
on published sequences for equine IL-2, equine gamma-IFN, 
equine IL-4, and equine beta-actin. Beta—actin was 
included as an internal positive control. The PCR reaction 
mixture was prepared in a 50 pi volume containing 5 pi of 
cDNA, IX PCR buffer (Perkin Elmer) , 200 p M of each dNTP 
(Perkin Elmer), 2.5 units of Taq polymerase (Perkin Elmer) 
and 10 pmol of each respective 5 ' and 3' primer. The 
reaction was run for 40 cycles with dénaturation at 94° C 
for 30 seconds, an annealing temperature of 55° C for 30 
seconds, and extension at 72° C for 60 seconds in a 
GeneAmp PCR System 9600 Thermal Cycler (Perkin-Elmer) . The 
reaction concluded with a 5 minute extension phase at 
72° C- All samples were run in triplicate and each 
reaction included a positive and negative control.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 1 3
Quantification of PCR product - PCR products were 
quantified using the QPCR System 5000 (Perkin-Elmer) 
(Swiderski, et.al, 1999). Five pi of PCR product was 
hybridized in a 50 pi reaction containing 10 pmoles of 
target-specific TBR-labeled oligonucleotide probe and IK 
PCR buffer without MgCl2 (Perkin-Elmer) . The reaction was 
heated to 95° C for 90 seconds followed by 5 minutes at 
55° C. Biotinylated PCR product was then captured by 
adding 15 pi of streptavidin coated iron beads (Dynabeads, 
Perkin Elmer) to the hybridization reaction and incubating 
at 55° C for 30 minutes. The reaction was transferred to a 
175 mm polypropylene tube containing 335 pi QPCR Assay 
Buffer (Perkin Elmer) , quantified on the QPCR System 5000, 
and reported as luminosity units. Luminosity values were 
plotted against initial template numbers which were 
derived from plasmid standard curves for each 
amplification, to interpolate initial template numbers in 
the cDNA reactions. Theses values were then designated as 
copy units. QPCR analysis of beta-actin from corresponding 
cDNA samples was used to correct for inter-samp le 
variations (Swiderski, et.al., 1999).
Equxntt xnfXuttnsa. ELXStA. — Serum antibodies to equine 
influenza virus (A/equine/Miami/63) were determined 
immediately prior to and immediately following exercise.
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by an ELISA. Flat-bottomed microtitre plates (Dynatech 
Laboratories, Inc., Chantily, VA) were coated with 
influenza antigen (250 ng of purified virus) in 50 pi of 
ELISA coating buffer (0.015 M NaaCOa, 0.035 M NaHCOj, 0.003 
M NaNj) in each well for 18 hours at 4“ C. Plates were 
washed 3 times with a solution of 0.05% Tween 20 in PBS 
(PBST) and then nonspecific binding sites were blocked 
using 100 pl/well of 1% fish gelatin (Sigma, St. Louis,
MO) in PBS (PBSG) for 1 hour at room temperature. Horse 
sera were diluted two-fold in PBSG and 50 pi was added to 
triplicate wells. Serum from known high responding 
influenza positive and negative ponies were included on 
each plate and served as standard positive and negative 
controls. Plates were incubated for 90 minutes at 37° C 
then washed three times with PBST. Affinity-purified, 
horseradish peroxidase-conjugated goat anti-equine IgG, 
heavy and light chain specific (Jackson Immunoresearch 
Labs, West Grove, PA) was diluted 1:40,000 in PBSG ,and 
added to each well in 50 pi aliquots. Plates were 
incubated for 90 minutes and then washed three times with 
PBST. Seventy five microliters of 3,3',5,5'- 
tetramethylbenzidine (TMB, Kirkeguard and Perry, 
Gaithersburg, MD) substrate was added to each well. 
Reactions were allowed to proceed for 5 minutes for
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optimum color development. Optical density (CD) was 
recorded at 630 nm using an automated ELISA reader (Biorad 
Laboratories, Hercules,CA). Titers were determined by 
linear regression by comparing sample optical density (OD) 
units to a normalized standard positive curve derived 
from each plate.
Cell Surface Marker AnaXysxs by Flow Cytometry - In 
order to determine which population of PBMC was 
responsible for the suppressed proliferative response to 
intense exercise, 3 X 10® PBMC were cultured in the 
presence of PHA (3 pg/ml) for 48 hours and then sorted by 
FACS into CD4+ and CD8+ cells. PHA stimulated PBMC were 
also sorted by FACS into IL-2 receptor positive (IL—2R+) 
and negative (IL-2R—) cells. Two color analysis of CD4+ 
and CD8+ cells also positive for IL-2 receptor expression 
was also performed.
The monoclonal antibodies specific for equine CD4 and 
CD8 cell surface markers were gifts from Dr. Paul Lunn at 
the University of Wisconsin (Madison) and from Dr. Mark 
Holmes at the University of Cambridge. Biotin-labeled 
human recombinant IL—2 was used for IL-2 receptor 
detection ( R S D Systems, Minneapolis, Mn). PHA 
stimulated PBMC were washed twice with PBS containing 0.5% 
bovine serum albumin (BSA, Sigma Chemical Co., St. Louis,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 1 6
MO) and 0.1% NaN] (PBS-BSA) and incubated with 10 pi of 
either human recombinant IL—2 labeled with biotin (IL-2B) 
or anti-equine CD4 or CDS for 1 hour at 4° C.
Additionally, PBMC were incubated with 10 pi of anti- 
equine CD4 or CDS and recombinant IL-2 to detect cells 
positive for both markers. Labeled cells were then washed 
once with PBS-BSA and then incubated with 6 pi 
phycoerythrin- conjugated goat anti-mouse IgG antibody 
(Pfizer, CT) and/or S pi fluorescein-conjugated 
Streptavidin (Sigma) for 1 hour at 4° C. Cells were washed 
twice with PBS-BSA, and the cell pellet was suspended in 
200 pi of PBS. Phycoerythrin-labeled streptavidin was used 
as a negative control. Cells were analyzed using a Becton 
Dickinson FACScan (Mountain View, CA) and fluorescence 
intensity was obtained by first gating on the lymphocytes. 
Ten thousand events were collected and the results are 
presented as the percentage of cells staining positive 
with the ligands, using a cutoff based on unstained 
(autofluorescence) controls.
Total Call Protaxa Praparationa- In order to assess 
exercise stress-induced changes in intracellular protein 
concentration and activation, total cellular protein was 
obtained from 6 X 10’ unstimulated and PHA stimulated 
PBMC. PBMC were bulk cultured in 75 ml flasks with and
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without the addition of 3 pg/ml PHA for 24 hours in RPMI- 
1640 medium + 5% FBS. Cells were then washed twice in PBS 
and resuspended in an arrest medium (serum— and cytokine- 
free RPMI-1640 with 100 pg/ml bovine serum albumin (BSA, 
Sigma, St. Louis, MO) , 1 pl/ml of 2-ME, 10 mM HEPES, 1 mM 
L-glutamine) for 4 hours prior to stimulation with 100 
U/rtil IL-2. The cells were incubated for 20 minutes with 
IL-2 and then washed 3 times with PBS. Cell pellets were 
then transferred to a 1.5 ml microcentrifuge tube and 
resuspended in 200 pi of protein lysis buffer containing 
lOmM HEPES, 30 mM NaCl, 20 mM NaF, ImM EDTA, 1 mM DTT,
0.15 mM spermine, 0.5 mM spermidine, 1 mM sodium 
orthovanadate, 120 nM okadaic acid, 1 mM sodium
molybdenate, and a mixture of protease inhibitors ( 5 pg
each of leupeptin, pepstatin, aprotonin) , 0.5 mM
phenylmethylsulfonyl fluoride in 500 mM sucrose with 0.2%
Triton X-100 and held on ice for 5 minutes. The suspension 
was spun for 5 minutes at 6000 X g and the resulting 
supernatant, which constituted the cytoplasmic protein 
fraction, was aspirated and transferred to a fresh tube 
and held on ice. Cellular debris was washed twice with 
200 pi of protein wash buffer ( protein lysis buffer with 
25% glycerol) and the supernatant from each wash was added 
to the cytoplasmic protein fraction. Nuclear proteins were
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then extracted by adding 25 pi of nuclear extract buffer 
(protein wash buffer with 330 mM NaCl) and incubating the 
preps on ice for 20 minutes. Preps were then spun at 
12000 X g for 10 minutes and the supernatant (nuclear 
protein extract) aspirated and transferred to a fresh 
tube. Protein concentration of all protein samples was 
then determined using the Bio—Rad Protein Assay System 
(Bio-Rad, Hercules, CA).
W M t s m  Blot Analysxs - In order to determine 
exercise induced changes in the concentration and 
activation of various intracellular signal transduction 
and cell activation proteins, 50 pg of total cellular 
protein from pre- and post-exercise time points was 
resolved by SDS-PAGE electrophoresis and transferred to 
Polyvinyldifluoride (PVDF, Sigma) membranes for subsequent 
Western blot analysis. Proteins were transferred to PVDF 
membranes using the Bio-Rad Mini Trans-Blot 
Electrophoretic Protein Transfer System (Bio-Rad) with an 
applied voltage of 90 Volts for 90 minutes. Membranes were 
blocked for 1 hour on ice with Tris-buffered saline (TBS) ( 
10 mM Tris-Cl, 0.9% NaCl, 0.5 g/1 magnesium chloride ) +
1% BSA and then probed with a 1:1000 dilution of anti- 
phosphotyrosine antibody (PY20:AP) conjugated to 
horseradish peroxidase (HRP) (Transduction Laboratories,
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Lexington, KY). Following an extensive washing protocol 
consisting of six 5 minute washes (2 X with TBS, 2 X with 
TBS +- 3% Tween-20 and 2 X with TBS) , immunoreactive 
proteins were detected with the enhanced cheitiiluminescence 
(ECL) detection reagent kit (Amersham Life Science, 
Arlington Heights, IL) and visualized on radiographic 
film. Membranes were subsequently probed with 1:1000 
dilutions of monoclonal antibodies to intracellular signal 
transduction proteins including MEKl, STAT 3, and JNKKl 
(Transduction Laboratories), and polyclonal antisera to 
JAK 3 (Santa Cruz Biotechnology) . Monoclonal antibodies 
were detected by incubating membranes with a 1:2000 
dilution of a HRP conjugated goat anti-mouse IgG antibody 
(Jackson ImmunoResearch). The polyclonal antibody was 
detected with a 1:2000 dilution of a HRP conjugated goat 
anti-rabbit IgG antibody (JacksonlmmunoResearch).
Detection was carried out as above and images of the 
immunoblots were scanned into an image analysis program 
(Alphaease ,Alpha Innotech Corp.). Individual lanes of 
each immunoblot were analyzed by 1 dimensional multiple 
densitometry which gave an area under the curve created by 
each band in the lane. Pre- and post-exercise samples were 
compared by adjusting the areas of the curves produced by
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the protein of interest by normalizing each lane of the 
gel using protein A as a standard.
Statistical Analysas - Pre- and post-exercise samples 
were analyzed using paired t-tests when comparing 
individual animal exercise values. One way analyses of 
variance tests were used to compare rested to exercised 
ponies. Differences were considered significant at the 
P<Q.05 level. All statistical analyses were performed 
using a commercial software program CSigmaStat, Jandel 
Scientific Software, San Rafael, CA).
Results
Lactnte and Cortisol- Mean plasma lactate levels of 
the exercised ponies, exercised horses, and control 
animals from the acute exercise stress test are shown in 
Figure 3.1. The mean pre-exercise (resting) lactate levels 
were essentially identical for the three groups of animals 
ranging between 0.35 and 0.58 mM/L. Plasma lactate 
concentrations increased significantly for both groups of 
exercised animals in response to exercise with the ponies 
attaining a mean plasma lactate level of 14.8 mM/L (P = 
0.005) and the horses peaking at 29.1 mM/L (P = 0.006). 
Mean plasma lactate levels for the exercised ponies and 
horses and corresponding controls from the chronic stress 
test are shown in Figure 3.2. Mean pre-exercise levels
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Figure 3.1. Mean lactate values for ponies, horses, 
and control animals from the acute stress test.
Plasma lactate concentrations were attained prior 
to exercise and immediately upon completion of the 
exercise bout. Bars represent the means + standard 
error. Astericks indicate a statistically significant 
difference based on paired-t-tests comparing pre— and 
post-exercise values.







Figure 3.2. Mean lactate values for ponies, horses, 
and control animals from the chronic stress test. 
Plasma lactate concentrations were attained 
immediately prior to and immediately upon completion 
of the exercise bout. Bars represent the means + 
standard error.
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ranged between .24 and .79 mM/L for the three groups and 
increased significantly in the exercised animals due to 
exercise. Pony and horse peak lactate levels were 9.3 mM/L 
{P = 0.016) and 10.2 mM/L (P = 0.021) respectively. Peak 
values reflect the post-exercise plasma lactate levels 
attained immediately after completion of the 2 minute 
interval in which 200 bpm was reached by each exercised 
animal. All of the exercised animals achieved peak lactate 
values that were greater than 4 mM/L which is indicative 
of anaerobic metabolism. The peak plasma lactate levels 
noted on day 5 (chronic stress test) of the exercise 
program were significantly lower than the day 1 (acute 
stress test) peak lactate values for ponies (P = 0.050) 
and horses (P = 0.047). There were no differences noted in 
lactate levels for control animals from the acute stress 
test or chronic stress test.
Fold increase of mean plasma cortisol levels of the 
exercised ponies, horses and control animals from the 
acute stress test are shown in Figure 3.3. The mean pre­
exercise (resting) levels for the exercised ponies and 
horses were nearly identical (3.5 and 3.6 ng/ml 
respectively) but the mean resting level for the control 
animals was much higher at 7.3 ng/ml. Plasma cortisol 
concentrations increased significantly for the exercised






Figure 3.3. Fold increase of plasma cortisol for ponies, 
horses, and control animals from the acute stress test. 
Plasma cortisol levels were attained immediately prior 
to and 20 minutes after completion of the exercise bout. 
Bars represent the means + standard error.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 2 5
ponies (7.6 ng/ml; P = 0.002) and horses (7.2 ng/ml;
P = 0.003) in response to exercise. Post-exercise plasma 
cortisol levels were attained 20 minutes after completion 
of the 2 minute interval in which 200 bpm was reached by 
each exercised animal. Significant increases were noted in 
the mean peak plasma cortisol levels attained in the 
chronic stress test by the ponies (7.1 ng/ml; P = 0.015) 
and the horses (7.8 ng/ml; P = 0.009)(Figure 3.4). No 
differences were noted in cortisol levels for the walking 
control animals from the acute stress test. However, a 
slight increase was noted in walking controls from the 
chronic stress test, but this was not significant.
Heaatology - Mean hematologic data for the horses and 
ponies from the acute stress test is shown in Table 3.1 
and Table 3.2 respectively. The hematologic data from the 
chronic stress test is shown in Tables 3.3 and 3.4.
Resting values for numbers of total white blood cells, 
segmented neutrophils, lymphocytes, and packed cell volume 
were greater for the ponies than the horses. Both groups 
exhibited an increase in total white blood cells 
characterized by a neutrophilia and lymphocytosis in 
response to exercise. Significant increases in WBC were 
noted for the horses from the acute (P < 0.001) and 
chronic (P = 0.004) stress tests and for the ponies from
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PONIES HORSES CONTROLS
Figure 3.4. Fold increase of plasma cortisol for ponies, 
horses, and control animals from the chronic stress test. 
Plasma cortisol levels were attained immediately prior to 
and 20 minutes after completion of the exercise bout.
Bars represent the means + standard error.
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Table 3.1. Hematologic data of exercised horses from the 
acute stress test. Results represent the mean for the four 
horses and P values are based on paired t-tests except for 
PCV in which a signed rank test was performed.
Differential values include total white blood cells (WBC)
X 10^/ul, absolute number of segmented neutrophils (Segs) 
and lymphocytes (Lymphs) X 10^/ul, neutrophil to 
lymphocyte ratio (N/L), packed cell volume (PCV)
Pos t-exerci.ae P valu*
WBC 5.80 8 .27 <0.001
Segs 3.42 4.82 0.007
Lymphs 1.90 3.00 0.002
N/L 1.80 1.62 0.213
PCV 30.75 56.00 <0.001
TP 7.10 7.87 0.011
Table 3.2. Hematologic data of exercised ponies from the 
acute stress test. Results represent the mean for the four 
ponies and P values are based on paired t-tests except for 
TP in which a signed rank test was performed. Differential 
values include total white blood cells (WBC) X 10^/ul, 
absolute number of segmented neutrophils (Segs) and 
lymphocytes (Lymphs) X 10^/ul, neutrophil to lymphocyte 
ratio (N/L), packed cell volume (PCV) (expressed as a
percent), and total protein (TP) (g/dl).
Pr*-*x*rcxs* Pos t-*%*rcim* P valu*
WBC 9.97 10.90 0.116
Segs 4.10 4.42 0.348
Lymphs 5.72 6.10 0.368
N/L 0.77 0.82 0.703
PCV 34.00 47.50 0.004
TP 6.80 7.77 0.125
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Table 3.3. Hematologic data of exercised horses from the 
chronic stress test. Venous blood for complete blood 
counts was collected before (Pre) and immediately after 
(Post) exercise. Results represent the mean for the four 
horses and P values are based on paired t—tests. 
Differential values include total white blood cells (WBC) 
X 10^/ul, absolute number of segmented neutrophils (Segs) 
and lymphocytes (Lymphs) X 10^/ul, neutrophil to 
lymphocyte ratio (N/L), packed cell volume (PCV)
Pr*-*%#rciae Pos t-#%*reis# P vslu*
WBC 6.72 8.25 0.004
Segs 4.27 4.97 0.092
Lymphs 1.92 2.80 0.017
N/L 2.25 1.80 0.083
PCV 31.00 57.25 <0.001
TP 6.87 7.90 0.006
Table 3.4. Hematologic data of exercised ponies from the 
chronic stress test. Venous blood for complete blood 
counts was collected before (Pre) and immediately after 
(Post) exercise. Results represent the mean for the four 
ponies and P values are based on paired t-tests. 
Differential values include total white blood cells (WBC) 
X 10^/ul, absolute number of segmented neutrophils (Segs) 
and lymphocytes (Lymphs) X 10^/ul, neutrophil to 
lymphocyte ratio (N/L), packed cell volume (PCV)
Prs-sxsreiso Post-#%#rcis# P  valus
WBC 9.87 11.50 0.039
Segs 5.65 5.85 0.719
Lymphs 4.00 5.70 0.022
N/L 1.97 1.02 0.226
PCV 35.00 45.50 0.003
TP 6.77 7.55 0.002
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the chronic (P = 0.039) stress test. Exercise-induced 
lymphocytosis was significant (P £. 0.022) in all groups 
except for the ponies from the acute stress test. However, 
only the ponies in the acute stress test had a 
characteristic stress-induced increase in the neutrophil- 
to-lymphocyte ratio. All animals exhibited a 
characteristic increase in packed cell volume (P ̂  0.004) 
and total protein. The hematologic data for the walking 
control animals from the acute stress test and chronic 
stress test is shown in Table 3.5 and Table 3.6 
respectively. The control animals in both stress tests 
exhibited an increase in WBC, lymphocytes, packed cell 
volume, and total protein in response to walking on the 
treadmill. The leukocytosis noted for the acute stress 
test was significant (P = 0.04 9) and the increase in 
packed cell volume was significant for both the acute (P = 
0.026) and chronic (P = 0.023) stress tests. No 
differences in hematologic values were noted between the 
acute and chronic stress tests for the ponies, horses, or 
control groups.
LAK C#ll Induetioa - Mean LAK cell activity of the 
exercised ponies and horses from the acute stress test is 
shown in Figure 3.5. A significant increase in LAK cell 
activity was noted for the ponies (P = 0.003) and the
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Table 3.5. Hematologic data of control ponies and horses 
from the acute stress test. Venous blood for complete 
blood counts was collected prior to (Pre) and 12 minutes 
after (Post) the initiation of the walk from 6 animals. 
Results represent the mean for the group and P values are 
based on paired t-tests. Differential values include total 
white blood cells (WBC) X 10^/ul, absolute number of 
segmented neutrophils (Segs) and lymphocytes (Lymphs) X 
10^/ui, neutrophil to lymphocyte ratio (N/L), packed cell 
volume (PCV) (expressed as a percent), and total protein
Pr#-*x*rcia* Po#t-#x*rcia# P vain#
WBC 8 .38 9.38 0.049
Segs 4.93 4.33 0.145
Lymphs 2.92 3.32 0.187
N/L 1.87 1.85 0.937
PCV 33.50 38.00 0.026
TP 7.08 7.11 0.438
Table 3.6. Hematologic data of control ponies and horses 
from the chronic stress test. Venous blood for complete 
blood counts was collected prior to (Pre) and 12 minutes 
after (Post) the initiation of the walk for 6 animals. 
Results represent the mean for the group and P values are 
based on paired t-tests. Differential values include total 
white blood cells (WBC) X 10^/ul, absolute number of 
segmented neutrophils (Segs) and lymphocytes (Lymphs) X 
10^/ul, neutrophil to lymphocyte ratio (N/L), packed cell 
volume (PCV) (expressed as a percent), and total protein
Pra-#x#rci.a# Poat-#x#reia# P vain#
WBC 8.02 8.87 0.170
Segs 3.87 3.95 0.800
Lymphs 3.42 3.98 0.419
N/L 1.28 1.20 0.419
PCV 34.5 39.3 0.023
TP 7.17 7.33 0.175




Figure 3.5. LAK activity for ponies, horses, and control 
animals for the acute stress test. Equine PBMC were 
collected prior to and immediately following exercise 
and cultured with high doses of IL-2 for three days. 
Cells were then assayed for LAK activity against an 
equine tumor cell line. LAK cell activity is expressed 
as 20% lytic units per 10^ PBMC. Bars indicate means 
+ standard error.
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horses (P = 0.008) in. response to exercise. No difference 
was noted in LAK cell activity for the control animals in 
response to walking on the treadmill. The mean LAK cell 
activity of the exercised ponies and horses from the 
chronic stress test is shown in Figure 3.6. There was a 
decrease in the overall level of LAK cell activity in the 
ponies for the chronic stress test compared to the acute 
stress test and the significant increase in LAK activity 
following exercise is no longer evident. While horses also 
exhibited no increase in LAK activity following exercise 
on day 5, the pre-exercise LAK activity increased compared 
to the first day unlike the ponies.
Effect of Exercise on the Lynphoproliferetive 
Response to ConA, PEA, end FNM - The effect of exercise on 
the lymphoproliferative response to ConA for the exercised 
ponies and horses for the acute and chronic stress tests 
is shown in Figure 3.7. The LP response to ConA decreased 
in the ponies and horses in response to exercise for both 
stress tests, but this was not significant. The ponies 
exhibited a 27% decrease (P = 0.194) in the proliferative 
response while the horses had a 36% decrease (P = 0.168) 
for the acute stress test. LP values obtained from the 
chronic stress test reflected a 37% decrease for the 
ponies (P = 0.188) and a 3% decrease for the horses (P =





Figure 3.6. LAK activity for the ponies, horses, and 
control animals for the chronic stress test. Equine 
PBMC were collected prior to and immediately 
following exercise and cultured with high doses of 
IL-2 for three days. Cells were then assayed for LAK 
activity against an equine tumor cell line. LAK 
activity is expressed as 20% lytic units per 10  ̂
PBMC. Bars indicate means + standard error.
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PONIES AST HORSES AST PONIES GST HORSES GST
Figure 3.7. The lymphoproliferative response of ConA 
stimulated PBMC for ponies and horses for the acute 
stress test (AST) and the chronic stress test (CST). 
Equine PBMC were collected prior to and immediately 
following exercise and stimulated with ConA for 
three days. Bars represent mean cpm of H-thymidine 
uptake + standard error. Mean media background 
values are shown for comparison.
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0.912) post- exercise. Control animals had no change in 
their LP response after walking for the acute and chronic 
stress tests. There was a decrease in the overall level of 
the proliferative response to ConA noted for the chronic 
stress test compared to the proliferative level for the 
acute stress test for the ponies and the horses.
The effect of exercise on the lymphoproliferative
response to PHA is shown in Figure 3.8. The LP response to
PHA decreased in the ponies and horses in response to 
exercise for the acute stress test, but decreased in the 
ponies and not in the horses for the chronic stress test. 
The ponies exhibited a significant 51% decrease (P =
0.049) in the proliferative response to PEîA while the 
horses had a 16% decrease (P = 0.525) for the acute stress 
test. LP values obtained from the chronic stress test 
reflected a 14% decrease(P = 0.388) for the ponies and a 
0.5% increase ( P = 0.983) for the horses due to exercise. 
Control animals had a 20% decrease in their LP response
after walking for the acute stress test and a 43% increase
for the chronic stress test. As noted in the proliferative 
response to ConA, though not statistically significant, 
there was a decrease in the overall level of the LP 
response to PHA for the chronic stress test as compared to









PONIES AST HORSES AST PONIES CST HORSES CST
Figure 3.8. The lymphoproliferative response of PHA 
stimulated PBMC from ponies and horses for the acure 
stress test (AST) and the chronic stress test (CST). 
Equine PBMC were collected prior to and immediately 
following exercise and stimulated with ConA for 
three days. Bars represent mean cpm of H-thymidine 
uptake + standard error. Mean media background 
values are shown for comparison.
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the level for the acute stress test for the ponies and 
horses.
The effect of exercise on the lymphoproliferative 
response to PWM for the exercised ponies and horses for 
the acute and chronic stress tests is shown in Figure 3-9. 
The LP response to PWM decreased in response to exercise 
for the ponies and horses for both stress tests, but was 
not significant. The ponies exhibited a 16% decrease 
( P = 0.08 6) in the proliferative response while the 
horses had a 36% decrease ( P = 0.113) for the acute 
stress test. Values from the chronic stress test reflected 
a 15% decrease { P = 0.396) for the ponies and a 12% 
decrease ( P = 0.789) for the horses in their post­
exercise LP values. No change was noted in the LP response 
of control animals after walking for either stress test. A 
decrease in the basal level of responsiveness to PWM was 
noted for the chronic stress test as compared to the acute 
stress test.
Recombinant IL-2 was added to duplicate sets of 
plates for each of the mitogens in order to assess the 
effect of IL-2 on the proliferative response of post­
exercise PBMC from exercised animals. Increases in the 
overall level of the proliferative response was noted for 
nearly all cultures as the c.p.m. for the pre— and post-
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Figure 3.9. The lymphoproliferative response of PWM 
stimulated PBMC from ponies and horses for the acute 
stress test (AST) and the chronic stress test (CST) . 
Equine PBMC were collected prior to and immediately 
following exercise and stimulated with ConA for 
three days. Bars represent mean cpm of H—thymidine 
uptake + standard error. Mean media background 
values are shown for comparison.
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exercise samples increased due to the addition of IL-2.
The decreased basal level of responsiveness noted in the 
lymphoproliferative response to the mitogens for the 
chronic stress test was no longer evident when IL-2 was 
added to the cultures. The effect of exercise on the 
lymphoproliferative response to ConA with the addition of 
IL-2 for the exercised ponies and horses for the acute and 
chronic stress tests is shown in Figure 3.10. The post­
exercise LP response to ConA decreased (18%; P = 0.121) in 
the ponies for the acute stress test but increased (9%;
P ~ 0.701) for the chronic stress test. A slight increase 
(9%; P = 0.778) in the post-exercise LP response was noted 
in the horses for the acute stress test and a slight 
decrease (9%; P = 0.285) was noted in the horses for the 
chronic stress test. The addition of IL-2 increased the 
overall LP response for all animals but the horses for the 
acute stress test. No changes were noted in the pre and 
post LP response to ConA + IL-2 in the control animals for 
either stress test, although the overall level of 
responsiveness did increase due to the addition of IL-2.
The effect of exercise on the lymphoproliferative 
response to PHA with the addition of IL-2 for the 
exercised ponies and horses for the acute and chronic 
stress tests is shown in Figure 3.11. The addition of IL-2
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Figure 3.10. The lymphoproliferative response of ConA 
stimulated PBMC with the addition of 10 U/ml IL-2 from 
ponies and horses for the acute stress test (AST) and 
chronic stress test (CST). Equine PBMC were collected 
prior to and immediately following exercise and 
stimulated with ConA and IL-2 for three days. Bars 
represent mean cpm of ^H-thymidine uptake + standard 
error. Mean media background values are shown for 
comparison.
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Figure 3.11. The lymphoproliferative response of PHA 
stimulated PBMC with the addition of 10 U/ml IL-2 
from ponies and horses for the acute stress test (AST) 
and chronic stress test (CST) . Ecpiine PBMC were 
collected prior to and immediately following exercise 
and stimulated with PHA and IL-2 for three days.
Bars represent mean cpm of ^H-thymidine uptake + 
standard error. Mean media background values are 
shown for comparison.
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increased the overall level of responsiveness for both 
groups of animals in the acute and chronic stress tests. 
The post-exercise LP response to PHA + IL—2 decreased in 
the ponies for the acute (11%; P = 0.277) and chronic 
(22%; P = 0.284) stress tests. A significant decrease in 
the LP response to PHA +- IL—2 was noted in the horses for 
the acute stress test (18%; P = 0.046) and a decrease was 
also noted for the chronic stress test (22%; P =0.284). No 
changes were noted in the control animals pre and post LP 
response to PHA + IL-2 for either stress test but the 
basal level of responsiveness did increase as expected due 
to the addition of IL-2.
The effect of exercise on the lymphoproliferative 
response to PWM with the addition of IL-2 for the 
exercised ponies and horses for the acute and chronic 
stress tests is shown in Figure 3.12. The addition of IL-2 
increased the overall level of responsiveness for both 
groups of animals in the acute and chronic stress tests. 
The post-exercise LP response to PWM + IL-2 decreased in 
the ponies for the acute (13%; P = 0.326) and chronic (4%; 
P = 0.875) stress tests. A decrease in the LP response to 
PHA + IL-2 was noted in the horses for the acute (7%;
P = 0.669) and chronic (9%; P = 0.869)stress tests. No 
changes were noted in the control animals pre and post LP
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Figure 3.12. The lymphoproliferative response of PWM 
stimulated PBMC with the addition of 10 U/ml IL-2 
from ponies and horses for the acute stress test (AST) 
and chronic stress test (CST). Equine PBMC were 
collected prior to and immediately following exercise 
and stimulated with PWM and IL—2 for three days. Bars 
represent mean cpm of ^H-thymidine uptake + standard 
error. Mean media background values are shown for 
comparison.
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response to PWM + IL-2 for either stress test but the 
basal level of responsiveness did increase due to the 
addition of IL—2.
Th# Effect of the Addxti.cn of Antologoue Serum on the 
LxmphoproXxferatxve Response to ConA, PBX, and PNM — In 
order to assess the effect of mediators released due to 
strenuous exercise on the ability of the lymphocyte to 
proliferate in response to mitogenic stimulation, PBMC 
were cultured with autologous serum instead of fetal 
bovine serum. Figure 3.13 shows the effect of the addition 
of autologous serum on the lymphoproliferative response to 
ConA (upper panel) and ConA + IL-2 (lower panel) of the 
ponies for the acute stress test. The corresponding LP 
response of PBMC cultured in fetal bovine serum (Ê S) is 
shown for comparison. The LP response to ConA decreased in 
the post-exercise PBMC cultures with the addition of pre­
exercise autologous serum (33%; P = 0.259) and post­
exercise autologous serum (33%; P = 0.235). Significant 
decreases in the post-exercise LP response to ConA + IL-2 
were noted for PBMC cultured with pre-exercise autologous 
serum (38%; P = 0.032) and post-exercise autologous serum 
(49%; P = 0.011) . A decrease in the basal level of the LP 
response was noted with the addition of autologous serum 
as compared to PBMC cultured with FBS.
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Figure 3.13. The lymphoproliferative response of ConA 
stimulated PBMC with and without the addition of 10 0/ml 
IL-2 with FBS, autologous pre-exercise serum, and 
autologous post-exercise serum for the ponies from the 
acute stress test-Bars represent mean cpm of H-thymidine 
incorporation + standard error.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 4 6
The effect of the addition of autologous serum on the 
lymphoproliferative response to PHA (upper panel) and PHA 
+ IL—2 (lower panel) of the ponies for the acute stress 
test is shown in Figure 3.14. The corresponding LP 
response of PBMC cultured in fetal bovine serum (FBS) is 
shown for comparison. The LP response to PHA decreased in 
the post-exercise PBMC cultures with the addition of pre­
exercise autologous serum (15%; P = 0.249) and post­
exercise autologous serum (16%; P = 0.215). Significant 
decreases in the post-exercise LP response to PHA + IL-2 
were noted for PBMC cultured with pre-exercise autologous 
serum (39%; P = 0.008) and post-exercise autologous serum 
(25%; P = 0.038). A significant increase in the basal 
level of the pre- and post-exercise LP response was noted 
with the addition of autologous serum as compared to PBMC 
cultured with FBS.
The effect of the addition of autologous serum on 
the lymphoproliferative response to PWM (upper panel) and 
PWM + IL-2 (lower panel) of the ponies for the acute 
stress test is shown in Figure .3.15. The corresponding LP 
response of PBMC cultured in fetal bovine serum (FBS) is 
shown for comparison. The LP response to PWM decreased in 
the post-exercise PBMC cultures with the addition of pre­
exercise autologous serum (22%; P = 0.325) and post-
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Figure 3.14. The lymphoproliferative response of PHA 
stimulated PBMC with and without the addition of 10 U/ml 
IL-2 with FBS, autologous pre—exercise serum, and 
autologous post-exercise serum, for the ponies from the 
acute stress test. Bars represent mean cpm of 
^H-thymidine incorporation + standard error.
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Figure 3.15. The lymphoproliferative response of PWM 
stimulated PBMC with and without the addition of 10 U/ml 
IL-2 with FBS, autologous pre-exercise serum, and 
autologous post-exercise serum for the ponies from the 
acute stress test. Bars represent mean cpm of 
^H-thymidine incorporation + standard error.
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exercise autologous serum (10%; P = 0.515). Significant 
decreases in the post-exercise LP response to PHA + IL-2 
were noted for PBMC cultured with pre-exercise autologous 
serum (50%; P = 0.010) and post-exercise autologous serum 
(47%; P = 0.005). A significant increase in the basal 
level of the pre- and post-exercise LP response was noted 
with the addition of autologous serum as compared to PBMC 
cultured with FBS without IL-2. In the cultures in which 
IL-2 was added, significant increases in the pre-exercise 
LP response of PBMC cultured with autologous serum were 
noted as compared to FBS cultured PBMC, whereas no change 
was noted in the post-exercise LP response due to the 
addition of autologous serum.
Th# Effect of Exercim# on the Lymphoproliferative 
Response to Equine Znfluensa Virus — In order to assess 
the effect of exercise on the antigen-specific 
lymphoproliferative response, pre- and post-exercise PBMC 
were stimulated with live equine influenza virus. Figure 
3.16 shows the effect of exercise on the proliferative 
response to equine influenza virus of ponies and horses 
for the acute and chronic stress tests. The LP response to 
equine influenza virus decreased in the ponies and the 
horses in response to exercise for both stress tests. The 
ponies exhibited a 6% decrease (P = 0.444) in the
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Figure 3.16. The lymphoproliferative response of flu 
stimulated PBMC from ponies and horses for the acute 
stress test (AST) and the chronic stress test (CST). 
PBMC were collected prior to and immediately following 
exercise and cultured with ecpiine influenza virus for 
5 days. Bars represent mean cpm + standard error of 
^H-thymidine incorporation. Mean media background 
values are shown for comparison.
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proliferative response while the horses had a 10% decrease 
(P = 0.400) for the acute stress test. LP values obtained 
from the chronic stress test reflected a 3% post-exercise 
decrease (P = 0..339) for the ponies and a 4% post­
exercise decrease (P = 0.558) for the horses. There was a 
significant decrease in the overall level of the 
proliferative response to equine influenza virus noted for 
the chronic stress test compared to the proliferative 
level for the acute stress test. Media LP values shown for 
comparison on the graph are noticeably higher for these 
cultures as compared to those for the mitogen-specific LP 
responses. This increase is due to the fact that the 
antigen-specific lymphoproliferative response to equine 
influenza virus is assayed after 5 days in culture as 
compared to 3 days for the mitogen—specific LP response 
resulting in significantly higher background values. No 
changes were noted in the LP response to influenza virus 
for control animals due to walking on the treadmill for 
either the acute or chronic stress test.
When IL—2 was added to equine influenza virus 
stimulated PBMC cultures, the overall level of the 
proliferative response was increased as shown in Figure 
3.17. However, a slight increase was noted in the post­
exercise LP response in the ponies (3%; P = 0.634) and
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Figure 3.17. The lymphoproliferative response of flu 
stimulated PBMC with the addition of 10 U/ml IL—2 
from ponies and horses for the acute stress test (AST) 
and the chronic stress test (CST). PBMC were obtained 
prior to and after exercise and cultured with equine 
influenza virus for 5 days. Bars represent the mean 
cpm + standard error of ^H-thymidine incorporaton.
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horses (26%; P = 0.146) for the chronic stress test. There 
was a significant decrease in the overall level of the 
proliferative response to equine influenza virus + IL-2 
noted for the chronic stress test compared to the 
proliferative level for the acute stress test. Slight 
increases 2%) were noted in the LP response to 
influenza virus with the addition of IL-2 for control 
animals due to walking on the treadmill for both stress 
tests although the basal level of the LP response was 
increased due to IL-2.
Th# Effect of Bx#rcxM on th# Lynphoprolxf#rntiv# 
R#apons# to K#yhol# Lxap#t Hoaocyanxn With hntologon#
S#rum — In addition to looking at the antigen-specific 
lymphoproliferative response to equine influenza virus, we 
investigated the antigen-specific LP response to Keyhole 
Limpet Hemocyanin (KLH) . BCLH-stimulated PBMC were also 
cultured with autologous pre- and post-exercise serum to 
assess the effect of autologous serum on the antigen- 
specific lymphoproliferative response. Figure 3.18 shows 
the proliferative response to KLH (upper panel) and to KLH 
+ IL-2 (lower panel) as well as the effect of the addition 
of autologous serum for the ponies from the acute stress 
test. The LP response of PBMC cultured in FBS is shown on 
the left of each panel for comparison. The LP response to
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Figure 3.18. The lymphoproliferative response of KLH 
stimulated PBMC with and without the addition of 
10 U/ml IL-2 with FBS, autologous pre-exercise serum, 
and autologous post-exercise serum for the ponies 
from the acute stress test. Bars represent the mean 
cpm + SE of ^H-thymidine incorporation.
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KLH decreased in the post-exercise PBMC when cultured with 
FBS and autologous serum. Ponies exhibited a 32% decrease 
(P = 0.094) in the post-exercise LP response when cultured 
with FBS and a significant decrease in the post-exercise 
LP response when cultured with pre-exercise autologous 
serum (53%; P = 0.013) and post-exercise autologous serum 
(52%; P = 0.032). A significant decrease in the basal 
level of the LP response was noted with the addition of 
autologous serum as compared to PBMC cultured with FBS. 
When IL-2 was added to the cultures (Figure 3.18, lower 
panel) the level of the LP response was increased as 
expected but IL-2 was unable to overcome the decreased 
proliferative response to KLH due to exercise. Ponies 
exhibited a 12% decrease (P = 0.331) in the post-exercise 
LP response when cultured with FBS, a 31% decrease 
(P = 0.256) when cultured with pre-exercise autologous 
serum, and a significant decrease (51%; P = 0.026) when 
cultured with post-exercise autologous serum. The addition 
of IL-2 to PBMC cultured with autologous serum did 
increase the basal level of responsiveness to KLH for the 
resting PBMC but not for the post-exercise PBMC as this 
was still decreased compared to PBMC cultured with FBS.
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Th# Effect of Bxexcxs# on. Qftokine aBME. Level# - In
order to assess the effect of exercise on IL-2, gainitima- 
interferon, and IL-4 production, cytokine-specific mRNA 
was PCR amplified from. PHA-stimulated and influenza virus- 
stimulated PBMC and quantified with the QPCR System 5000. 
Figure 3.19 shows the effect of exercise on the production 
of IL-2 (upper panel) and gamma-interferon (lower panel) 
from influenza virus-stimulated PBMC of ponies and horses 
for the acute stress test and the chronic stress test. 
Influenza virus-stimulated PBMC from exercised animals 
exhibited a 16% increase in IL-2 (Figure 3.19, upper 
panel) for the acute stress test and a 6% decrease in IL-2 
for the chronic stress test as a result of exercise. 
Influenza virus-stimulated PBMC from exercised animals had 
a significant decrease in gamma-IFN production (Figure 
3.19, lower panel) as a result of exercise for the acute 
(61%; P = 0.007) and chronic (40%; P = 0.049) stress 
tests. There were no differences in IL-2 or gamma-IFN 
production in control animals as a result of exercise.
Figure 3.20 shows the effect of exercise on the 
production of IL-2 (upper panel), IL-4 (middle panel), and 
gamma-IFN (bottom panel) from PHA-stimulated PBMC of 
ponies and horses for both stress tests. PHA-stimulated 
PBMC from exercised animals exhibited a 27% decrease in













Figure 3.19. Copy number of IL-2 and gamma-IFN from flu 
stimulated PBMC. Complementary DNA was produced by 
reverse transcription followed by PCR and quantitative 
analysis of IL-2 and gamma interferon. Bars represent 
the mean copy number for the ponies and horses in the 
acute stress test (AST), chronic stress test (CST), 
and control groups + standard error. Note Y-scale 
difference.

















Figure 3.20. Copy number of IL-2, IL-4, and gamma-IFN 
from PHA stimulated PBMC. Complementary DNA was 
produced by reverse transcription followed by PCR 
and quantitative analysis. Bars represent the mean 
copy number for ponies and horses in the acute stress 
test(AST), chronic stress test(CST), and control 
groups + standard error. Note Y-axis scale differences
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IL-2 production {P = 0.274) for the acute stress test and 
a 20% decrease in IL-2 (P = 0.097) for the chronic stress 
test as a result of exercise. Interestingly, there was a 
significant increase (P = 0.001) in IL-2 production in 
control animals after walking on the treadmill. A 
significant decrease in IL-4 (middle panel) was seen in 
exercised animals as a result of exercise for the acute 
stress test (63%; P = 0.031) and the chronic stress test 
(56%; P = 0.046). Remarkably, there was a significant 
decrease (P ̂  0.002) in the overall level of IL-4 mRNA 
production for PHA—stimulated PBMC from animals in the 
chronic stress test as compared to IL-4 production from 
animals in the acute stress test. A modest increase in 
IL-4 production (37%; P = 0.488) was seen for the control 
animals. Significant decreases were noted in gamma-IFN 
(bottom panel) production in PHA-stimulated PBMC from 
exercised animals as a result of exercise for the acute 
stress test (46%; P = 0.049) and the chronic stress test 
(49%; P = 0.016). A slight increase in gamma—IFN (6%;
P = 0.625) was seen after walking in the control animals.
Th# Effect of* Exorcise on Antibody Tltbr to Equine 
Influence Virus — The effect of exercise on serum IgG 
antibody titers to equine influenza virus for ponies and








Figure 3.21. Serum equine influenza IgG antibody titers 
of exercised ponies and horses and control animals from 
the acute stress test(AST), chronic stress test(CST), 
and control animals. Bars represent the mean pre­
exercise and immediate post-exercise titers + standard 
error.
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horses in the acute stress test and the chronic stress 
test is shown in Figure 3.21. A significant increase in 
influenza virus IgG antibody titers was noted for the 
acute stress test (P = 0.005) and the chronic stress test 
(P = 0.023) immediately following intense exercise. There 
was no difference in antibody titers following walking on 
the treadmill in control animals.
Th# Effect of Kxerci.## on th# Circulating Population 
of CD4+ and. CD8+ Lyuphocyt## and IL-2 Racaptor Sa^rasslon 
on Thasa Calls- In order to assess the effect of exercise 
on the percentage of CD4+ and CD8+ T-lymphocytes that 
played a role in the decreased lymphoproliferation seen in 
PHA-stimulated PBMC from exercised ponies and horses, pre- 
and post-exercise PBMC were cultured with PHA for 2 days 
and then analyzed for the percentage positive for the 
T-cell markers CD4 and CD8. Consistent with previous work 
done in our lab, fresh non-cultured PBMC from exercised 
animals exhibited no differences in CD4 or CD8 expression 
following exercise when compared to resting levels (Keadle 
et.al., 1993). Figure 3.22 shows the effect of exercise on 
the percentage of CD4+ and CD8+ T-cells from PHA- 
stimulated PBMC for the exercised ponies and horses from 
the acute stress test. A significant decrease from 61% to 
52% (P = <0.001) in CD4+ T-cells was noted while the














Figure 3.22. FACS analysis of CD4 and CDS labeled 
PBMC from the exercised and control animals for 
the acute stress test. PBMC were cultured with PHA 
for 48 hours and then labeled with monoclonal 
antibodies specific for equine CD4 and CDS. Bars 
represent the mean number of cells staining 
positive per 10̂  events + standard error.
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percentage of CD8+ T-cells significantly increased from 
30% to 32% (P = 0.030) as a result of intense exercise. 
Control animals had a significant decrease from 61% to 58% 
(P = 0.008) in CD4+ cells while the number of CD8+ cells 
decreased slightly.
The effect of exercise on the number of IL-2 receptor 
positive (IL-2R+) CD4+ and CD8+ T-cells from ponies and 
horses for the acute stress test is shown in Figure 3.23.
A significant decrease in IL-2 receptor positive T-cells 
which were also positive for CD4 and CDS was noted as a 
result of exercise. IL-2 receptor positive CD4+ cell 
numbers dropped from 38% to 35% (P = 0.023) and IL-2R+
CD8+ cell numbers dropped from 33% to 27% (P = 0.002) as a 
result of exercise. Control animals had a slight increase 
in IL-2R+ CD4+ and IL-2R+ CD8+ cells following walking on 
the treadmill. Figure 3.24 shows the effect of exercise on 
the total number of IL—2R+ T—lymphocytes as a result of 
exercise for the ponies and horses from the acute and 
chronic stress tests. The percentage of IL-2R+ T-cells 
increased in both stress tests as a result of exercise. A 
significant increase from 30% to 47% (P = 0.014) in IL-2R+ 
cells was noted for the animals in the acute stress test 
while a modest increase of 6% (P = 0.177) was noted for 
the animals in the chronic stress test. Slight increases
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Figure 3.23. FACS analysis of IL-2 Receptor positve 
PBMC which were also positive for CD4 or CDS. PBMC 
from the exercised and control animals for the 
acute stress test were cultured with PHA for 2 days 
and then labeled with monoclonal antibodies specific 
for the equine IL-2 receptor and CD4 or CDS. Bars 
represent the mean number of cells staining positive 
for both markers per 10̂  events + the standard error.
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Figure 3.24. FACS analysis of IL-2 Receptor positive 
PBMC for ponies and horses from the acute stress test 
(AST), chronic stress test (CST), and control groups. 
PBMC were cultured with PHA for 48 hours and then 
labeled with a monoclonal antibody specific for the 
equine IL-2 Receptor. Bars represent the mean number 
of cells staining positive per 10^events + the 
standard error.
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were noted in the percentage of IL-2R+ cells for the 
control animals for both stress tests.
Th# Effect of Exercim# on th# Esqpression and 
Activation of th# Signal Tranadnction Proteins MEKl, JAK3, 
and STAT3 - In order to assess the effect of exercise on 
cell activation and proliferation, pre— and post-exercise 
PHA-stimulated PBMC were lysed and total cellular protein 
fractions were prepared for Western blot analysis of 
signal transduction proteins. Figure 3.25 shows western 
blots probed with monoclonal antibodies to anti- 
phosphotyrosine, MEKl and STAT 3, as well as a polyclonal 
antibody specific for JAK3. Table 3.7 shows the results of 
one-dimensional multiple densitometrie analysis of anti- 
phosphotyrosine probed Western blots for ponies and horses 
from the acute stress test. The results reflect the 
phosphorylated activation of MEKl, JAK3 and STAT3 for each 
animal from PHA-stimulated PBMC cultures before and 
immediately following strenuous exercise. The 
corresponding stimulation index of the lymphoproliferative 
response to PHA for each animal is also shown. Horses and 
ponies in bold represent those that had a significant 
decrease in their LP response to PEIA. A large degree of 
variation is still present in the densitometric analysis 
of each of the proteins following normalization to the















Figure 3.25. Western blots from, exercised ponies and 
horses from the acute and chronic stress tests. Total 
cellular protein was obtained from pre- and post-exercise 
PHA-stimulated PBMC and separated on 10% SDS—PAGE, 
transferred to PVDF membranes, and detected with 
antibodies to phospho-tyrosine, MEK1,JAK3, and STAT3 using 
a chemiluminescence technique. A) Ponies and horses from 
the acute stress test: Lanes; 1)Positive control JAK3, 
STAT3, Protein G, and MEKl. 2,4,6) Pre-exercise samples 
from ponies 2 and 13 and horse 215 respectively. 3,5,7) 
Post-exercise samples from the same 3 animals. B) Western 
blot from ponies and horse from chronic stress test:
Lanes; 1) MW marker. 2) Immunoprecipitate of rat protein 
showing JAK3, STAT3, and MEKl. 3,5,7) Pre-exercise samples 
from ponies 2 and 13 and horse 215. 4,6,8) Post-exercise 
samples from the same animals. C) Western blot of same 
animals showing 45 Kd MW marker and MEKl.
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Table 3.7. One-dimensional multiple densitometric analysis 
of anti-phosphotyrosine probed Western blots for ponies 
and horses from the acute stress test. Fifty micrograms of 
pre— and post-exercise total cellular protein samples were 
run on 10% SDS—PAGE gels, transferred to PVDF membranes 
and then probed with an anti-phosphotyrosine monoclonal 
antibody. Numbers reflect the area under the curve created 
by each band via 1-D Multi-Densitometry. All data were 
normalized to a positive control band which was present in 
each lane on the gel. Data shown in bold reflects animals 
that had a ^ 48% decreased post-exercise lympho­
proliferative response to PHA. The stimulation index 
(S.I.) of the lymphoproliferative response to PHA is shown 
for each animal.
ACDTB STRESS TEST Anti-Pho#photyro«in#
ANIMia. XIMB S.I. MBKl JRR3 SXAS3
P2 PRX-KXKRCISX 26.25 1562 1985 2081
POST-XXSRCISS 9.85 2435 1739 1783
P13 PRS-BJBRCISK 106.or 1673 1349 2087
POST-KXBRCISS 25.95 1087 1395 1622
P22 PRE-EXSRCISm 29.75 1782 2250 1643
POST-BZXRCISB 15.40 1421 1654 1642
P25 PRE-SXmRCISS 20.41 1462 1302 1604
POST-BXSRCISB 7.21 1828 1811 1472
H19 PRE-EXERCISE 18.15 1339 493 1026
POST-EXERCISE 11.37 1444 654 911
H215 PRE-EXERCISE 11.84 1477 653 1317
POST-EXERCISE 17.03 1680 428 917
H219 PRR-XXBRCISR 13.66 1124 366 605
POST-BXBRCISS 5.47 1515 401 548
H275 PRB-BXBRCXSB 42.64 1328 1289 1375
POST-BXBRCISB 5.19 598 643 843
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Table 3.8. Means of one-dimensional multiple densitometric 
analysis of anti-phosphotyrosine probed Western blots for 
ponies and horses from the acute stress test (data from 
Table 3.7) . Means for the walking control animals are 
shown below the values for all the animals in the acute 
stress test and those that had a decreased 
lymphoproliferative response. The mean stimulation index 
(S.I.) of the LP response to PHA is shown for each group.
ACUTE STRESS TEST Anti-pho#pho4qfro#in*
GROUP PROTEIN PRE POST P-VALÜE
TOTAI. MEKl 1468 1501 0.871
JAK3 1211 1091 0.410
STAT 3 1467 1217 0.010
S.I. 33.6 12.2 0.016
DECR. LP MEKl 1488 1481 0.977
JAK3 1423 1274 0.441
STATS 1566 1318 0.040
S.I. 39.79 11.51 0.002
CONTROLS MEKl 1600 1788 0.601
JAK3 1273 1105 0.553
STAT3 1515 1119 0.026
S.I. 64.74 69.62 0.853
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control protein band present in each sample. The anti- 
phosphotyrosine data is summarized in Table 3.8 and is 
presented in 2 groups along with the corresponding control 
animal data. There is a moderate decrease in the 
activation of JAK3 and STAT3 proteins due to exercise and 
a slight increase in MEKl activation in the total group. 
There is a decrease in the activation of all three 
proteins for the group that had a significant decrease in 
their LP response. There was a significant decrease in the 
activation of STAT3 following exercise for the total group 
(P = 0.010) of exercised animals and the group with 
decreased lymphoproliferation (P = 0.040) . A similar 
decrease in the activation of STAT3 was noted in control 
animals following walking on the treadmill (P = 0.026).
Table 3.9 shows the results of one-dimensional 
multiple densitometric analysis of Western blots probed 
with antibodies specific for MEKl, JAK3, and STAT3 for 
ponies and horses from the acute stress test. The results 
reflect the expression of MEKl, JAK3 and STAT3 for each 
animal from PHA-stimulated PBMC cultures before and 
immediately following strenuous exercise. The 
corresponding stimulation index of the lymphoproliferative 
response to PHA for each animal is also shown. Horses and 
ponies in bold represent those that had a significant
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Table 3.9. One-dimensional multiple densitometric analysis 
of antibody-specific Western blots for ponies and horses 
from the acute stress test. Fifty micrograms of pre— and 
post-exercise total cellular protein samples were run on 
10% SDS—PAGE gels, transferred to PVDF membranes and then 
probed with antibodies specific for MEKl, JAK3, and STAT3 
signal transduction proteins. Numbers reflect the area 
under the curve created by each band via 1-D Multi- 
Densitometry. All data were normalized to a positive 
control band which was present in each lane on the gel. 
Data shown in bold reflects animals that had a ^ 48% 
decreased post-exercise lymphoproliferative response to 
PHA. The stimulation index {S.I.) of the lympho-
ACDTX STRESS TEST Antibo4y-Sp#cific
AMHA1. TXMB S.Z. MBKl JMC3 SXXS3
P2 PSB-IXBSCZSS 26.25 2094 2258 3447
POST-SXKSCISS 9.85 1957 1939 2640
P13 PRB-B30BRCZSX 106.01 1435 2064 2562
POSX-SZBRCISI 25.95 1246 1520 1869
P22 PRB-IXBRCISK 29.75 2593 2700 3575
POST-EXSRCISI 15.40 2437 3618 3702
P25 PRB-BXBBCISB 20.41 2553 3056 4789
POST-SZBXCISB 7.21 796 1887 5131
H19 PRE-EXERCISE 18.15 1588 1726 2915
POST-EXERCISE 11.37 2240 1551 1532
H215 PRE-EXERCISE 11.84 881 673 720
POST-EXERCISE 17.03 1091 592 903
H219 PRB-nmciss 13.66 1830 1185 1120
POST-KZBRCISK 5.47 1501 836 1381
H275 PRS-SXSRCISS 42.64 2297 2278 1513
POST-BZSRCISS 5.19 1990 1797 1501
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Table 3,10. Means of one-dimensional multiple 
densitometric analysis of antibody-specific Western blots 
for ponies and horses from the acute stress test (data 
from Table 3.9). Means for the walking control animals are 
shown below the values for all the animals in the acute 
stress test and those that had a decresed lympho­
proliferative response. The mean stimulation index (S.I.)
ACUTE STRESS TEST Amtibo^-Sp#eifie
GROUP PROTEIN PRE POST P-VALUE
TOTAL MEKl 1909 1657 0.383
JAK3 1992 1717 0.225
STAT3 2580 2332 0.302
S.I. 33.6 12.2 0.016
DECR. LP MEKl 2134 1654 0.031
JAK3 2257 1933 0.119
STATS 2834 2704 0.548
S.I. 39.79 11.51 0.002
CONTROLS MEKl 1620 2114 0.551
JAK3 1688 1896 0.275
STAT 3 2011 1989 0.939
s.r. 64.74 69.62 0.853
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decrease in their LP response to PHA. The antibody- 
specific data is summarized in Table 3.10 and is presented 
in 2 groups along with the corresponding control animal 
data. There is a decrease in the expression of all three 
proteins due to exercise in the total group and in the 
group of animals that had a significant decrease in their 
LP response. There was a significant decrease in the 
expression of MEKl (P = 0.031) following exercise for the 
animals which had a significantly decreased LP response. 
Control animals had increased expression of MEKl and JAK3 
and a slight decrease in STAT3 expression following 
walking on the treadmill.
Table 3.11 shows the results of one-dimensional 
multiple densitometric analysis of anti-phosphotyrosine 
probed Western blots for ponies and horses from the 
chronic stress test. The results reflect the 
phosphorylated activation of MEKl, JAK3 and STAT3 for each 
animal from PHA-stimulated PBMC cultures before and 
immediately following strenuous exercise. The 
corresponding stimulation index of the LP response to PHA 
for each animal is also shown and data in bold represent 
those animals that had a significant decrease in their LP 
response. Table 3.12 summarizes the anti-phosphotyrosine 
data for the chronic stress test and is presented in 2
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Table 3.11. One-dimensional multiple densitometric 
analysis of anti-phosphotyrosine probed Western blots for 
ponies and horses from the chronic stress test. Fifty 
micrograms of pre— and post-exercise total cellular 
protein samples were run on 10% SDS-PAGE gels, transferred 
to PVDF membranes and then probed with an antiphospho— 
tyrosine monoclonal antibody. Numbers reflect the area 
under the curve created by each band via 1-D Multi- 
Densitometry. All data were normalized to a positive 
control band which was present in each lane on the gel. 
Data shown in bold reflects animals that had a ^ 34% 
decreased post-exercise lymphoproliferative response to 
PHA. The stimulation index (S.I.) of the lympho-
CHBCnnC STBSSS test Anti-Pho#photyro8in#
AMitm. TUB 8.Z. MBKl JMC3 SZAS3
P2 PRB-EXnCZSS 13.10 942 784 862
P08T-SZBRCZSS 8.65 884 1003 908
P13 PRE-EXERCISE 9.99 914 2511 1138
POST-EXERCISE 11.63 1172 337 1589
P22 PRE-EXERCISE 7.34 1617 1169 2457
POST-EXERCISE 5.68 1261 1002 3163
P25 PPB-K3BRCISS 25.85 1130 1079 1660
P08T-KXERCISX 17.12 1275 1551 1873
HI 9 PRE-EXERCISE 13.70 1542 1918 2035
POST-EXERCISE 23.51 1759 1453 2479
H215 PKB-SXBRCISS 10.67 1744 1808 1976
P08T-B3anCI8B 6.42 1562 945 2086
H219 PBC-KXIRCISB 15.15 1368 1163 2355
P08S-EZBKCISX 8.36 1334 618 1623
H275 PRB-KXBRCZSB 18.88 1273 1053 1695
POSZ-niRCISK 8.68 1328 2417 1487
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Table 3.12. Means of one-dimensional multiple 
densitometric analysis of anti-phosphotyrosine probed 
Western blots for ponies and horses from the chronic 
stress test {data from Table 3.11). Means for the walking 
control animals are shown below the values for all the 
animals in the chronic stress test and those that had a 
decresed lymphoproliferative response. The mean 
stimulation index (S.I.) of the LP response to PHA is
CHROMIC STRESS TEST An.tx-phospho^frosxn*
GROUP PROTEIN PRE POST P-VALUE
TOTAIi MEKl 1316 1322 0.941
JAK3 1436 1166 0.487
STAT3 1772 1902 0.439
S.I. 14.33 11.26 0.218
DECR. LP MEKl 1291 1277 0.801
JRK3 1177 1307 0.758
STATS 1710 1597 0.545
S.I. 16.73 9.85 0.004
CONTROLS MEKl 1251 937 0.191
JAK3 927 907 0.784
STAT3 1056 1128 0.641
S.I. 6.46 10.98 0.062
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groups along with the corresponding control animal data. 
There is a decrease in the activation of MEKl and STAT3 
proteins due to exercise in the group that had a 
significant decrease in their LP response but an increase 
in activation of these proteins is seen in the total 
group. There was an increase in the activation of JAK3 
following exercise for the group of animals with decreased 
lymphoproliferation and a decrease in JAK3 activation for 
the total group. Control animals had decreased activation 
of MEKl and JAK3 and an increase in STAT3 activation.
Table 3.13 shows the results of one-dimensional 
multiple densitometric analysis of Western blots probed 
with antibodies specific for MEKl, JAK3, and STAT3 for 
ponies and horses from the chronic stress test. The 
results reflect the expression of MEKl, JAK3 and STAT3 for 
each animal from PHA-stimulated PBMC cultures before and 
immediately following strenuous exercise. The 
corresponding stimulation index of the LP response to PHA 
for each animal is also shown and data in bold represent 
those animals that had a significant decrease in their LP 
response. Table 3.14 summarizes the antibody-specific data 
and is presented in 2 groups along with the corresponding 
control animal data. There is a decrease in the expression 
of each of the proteins due to exercise in the entire
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Table 3.13. One-dimensional multiple densitometric 
analysis of antibody-specific Western blots for ponies and 
horses from the chronic stress test. Fifty micrograms of 
pre- and post-exercise total cellular protein samples were 
run on 10% SDS-PAGE gels, transferred to PVDF membranes 
and then probed with antibodies specific for MEKl, JAK3, 
and STAT3 signal transduction proteins. Numbers reflect 
the area under the curve created by each band via 1-D 
Multi-Densitometry. All data were normalized to a positive 
control band which was present in each lane on the gel. 
Data shown in bold reflects animals that had a Z 34% 
decreased post-exercise lymphoproliferative response to 
PfIA- The stimulation index (S.I.) of the lympho-
CHRONIC STRESS TEST Aatibo&y-Specific
Mmaa. XIMB S.I. MBKl JRK3 STRX3
P2 PRB-BXBRCXSB 13.10 2579 1371 8280
POST-BXBRCISB 8.65 1319 898 3408
P13 PRE-EXERCISE 9.99 718 1740 2608
POST-EXERCISE 11.63 6218 1469 7829
P22 PRE-EXERCISE 7.34 6798 1336 10063
POST-EXERCISE 5.68 1896 1877 4835
P25 PRX-BXBRCISB 25.85 3250 1651 3870
POST-BXBRCISB 17.12 1951 1545 5848
HI 9 PRE-EXERCISE 13.70 1655 2276 1917
POST-EXERCISE 23.51 797 2796 1749
H215 PRB-BXBRCXSB 10.67 1062 2154 1671
POST-BXBRCISB 6.42 1243 1831 1431
H219 PRB-BXBRCISB 15.15 1642 2905 2662
POST-BXBRCISB 8.36 1073 2068 3480
H275 PRB-BXBRCISB 18.88 1518 2876 1987
POST-BXBRCISB 8.68 2085 1837 2029
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Table 3.14. Means of one-dimensional multiple 
densitometric analysis of antibody-specific Western blots 
for ponies and horses from the chronic stress test (data 
from Table 3.13). Means for the walking control animals 
are shown below the values for all the animals in the 
chronic stress test and those that had a decreased 
lymphoproliferative response. The mean stimulation index 
(S.I.) of the LP response to PHA is shown for each group.
CHRONIC STRESS TEST Entibod^-Specific
GROUP PROTEIN PRE POST P-VALDE
TOTAL MEKl 2403 2073 0.755
JAK3 2039 1790 0.256
STAT 3 4132 3826 0.808
S.r. 14.33 11.26 0.218
DECR. LP MEKl 2010 1534 0.274
JAK3 2191 1636 0.031
STATS 3694 3239 0.717
S.I. 16.73 9.85 0.004
CONTROLS MEKl 1145 1131 0.882
JAK3 1603 1657 1.00
STAT 3 1426 1496 0.8 62
S.r. 6.46 10.98 0.062
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group as well as those ponies that had a significant 
decrease in their LP response. There was a significant 
decrease in the expression of JAK3 (P = 0.031) following 
exercise for the decreased LP group. There were no changes 
in protein expression in the control group.
Discussion
The physical stress of exercise has been shown to 
have profound effects on the immune system of humans 
(Hoffman-Goetz and Pedersen, 1994), laboratory animals 
(Mahan and Young, 1989; Soppi et.al., 1982), and domestic 
species such as swine (Waern and Possum, 1993) and horses 
(Keadle et.al., 1993; Hines et.al., 1996). Whereas 
research in this field is contradictory at best, no doubt 
due to differences in experimental design and the species 
and condition of the subjects investigated, recent studies 
in the horse have shown some reproducible and interesting 
exercise-induced changes in immune function (Keadle 
et.al., 1993; Hines et.al., 1996). These studies have 
demonstrated that horses subjected to a single bout of 
strenuous exercise respond with significant alterations in 
cell-mediated immunity, including increased lymphokine 
activated killer (LAK) cell activity and suppression of 
mitogen-specific and antigen-specific lymphoproliferative 
responses (Keadle et.al., 1993; Kurcz et.al., 1988; Hines
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et.al., 1996). The severity of the immunomodulatory effect 
in the horse has been shown to increase as the intensity 
of the exercise increases and differs in response to 
single bouts of exercise and multiple bouts of exercise 
(Ferry et.al., 1990; Kendall et.al., 1990; Folsom et.al., 
1995) .
The point at which horses become stressed by exercise 
has not been clearly defined, although several parameters 
have been utilized to measure exercise intensity. Heart 
rate levels of 200 beats per minute or greater, lactate 
levels greater than 4 mM/L, and increased neutrophil-to- 
lymphocyte ratios are generally accepted as indicators of 
exercise-induced stress in horses (Persson, 1985; Wong 
et.al., 1992). In a previous study (Folsom et.al.. In 
Preparation), ponies and horses showed increased plasma 
cortisol, plasma lactate, and immune modulation with 
increases in heart rate with the highest levels of each 
noted in the group that achieved heart rates in excess of 
200 bpm. In the study reported here, all of the exercised 
ponies and horses achieved heart rates of 200 bpm or 
greater and lactate levels well above 4mM/L.
Interestingly, only the ponies in the acute stress test 
had a characteristic stress- induced increased neutrophil- 
to-lymphocyte (N/L) ratio. This was attributable to the
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fact that one of the four exercised ponies had a moderate 
increase in neutrophils without an increase in lymphocyte 
numbers thus her N/L ratio increased whereas the others 
decreased. Leukocytosis is among the most consistent 
responses to exercise and has been attributed to three 
possible mechanisms (McCarthy and Dale, 1988; Field 
et.al., 1991). Hemoconcentration, increased catecholamine 
levels which mobilizes leukocytes from the marginal pool, 
and cortisol induced mobilization of granulocytes from the 
marrow pool may all play a role in the leukocytosis of 
exercise (Hines et.al., 1996). The so called 
characteristic increased N/L ratio is actually a later 
event following exercise as lymphocyte numbers return to 
baseline well before neutrophil numbers do resulting in an 
increased N/L ratio (Hines et.al., 1996; McCarthy and 
Dale, 1988). The fact that our post-exercise samples are 
taken immediately following intense exercise, well before 
cortisol levels peak, makes hemoconcentration and 
increased catecholamines the most likely mechanisms 
affecting leukocyte numbers.
The results of this study are consistent with other 
reports of exercise-induced increases in plasma lactate 
and plasma cortisol concentrations in humans, rodents, and 
in horses. Plasma lactate and cortisol concentrations
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Increased significantly in all animals as a result of 
exercise for both stress tests. Cortisol release has been 
shown to be slow in response to exercise stress peaking 20 
to 30 minutes after exercise has ceased and usually 
returning to resting levels within 2 hours (Smith and 
Wiedemann, 1990) . Unlike cortisol, lactate levels have 
been shown to peak in the horse within 10 minutes after 
exercise has ceased and then quickly return to pre­
exercise levels (Lindner et.al., 1992). Therefore, the 
timing of the post-exercise samples for these parameters 
was appropriate to estimate peak levels. Control ponies 
were bled while other ponies were running to account for 
diurnal and circadian rhythms that are known to alter the 
secretion of these mediators.
One of the notable changes occurring in the ponies 
and horses by the fifth day of exercise included a 
significant decrease in lactate production despite a 
noticeable increased difficulty in completing the exercise 
bout. The decrease in plasma lactate concentration noted 
on day 5 suggests a reduction in anaerobic capacity. 
Several possibilities exist to explain this apparent 
decrease in plasma lactate concentration. Alteration of 
the lactate efflux rate from muscle, increased lactate 
removal rate by the liver, and an increased rate of
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lactate utilization by muscle resulting in decreased 
plasma lactate are unlikely explanations since these are 
generally associated with performance enhancement and 
conditioning (Thornton et.al., 1983). A reduction in fast- 
twitch muscle fiber glycogen thereby reducing substrate 
availability for lactate production is also a possibility 
which has been reported in Standardbred horses performing 
several intervals of draught loaded exercise on a 
treadmill (Gottlieb, 1989). This cannot be confirmed in 
this study since muscle glycogen was not assayed. A 
transient overreaching or overtraining syndrome associated 
with impaired autonomic regulation, diminished 
catecholamine secretion and lactate mobilization, 
accelerated fatiguability and subjective symptoms of 
stress (Jeukendrup and Hesselink, 1994; Urhausen et.al.,
1995) has been reported in humans following 2 weeks of 
intensive training (Snyder et.al., 1993). Overtraining has 
not been described in the horse, but is a possibility 
since exercised horses and ponies generated significantly 
lower lactates, were less compliant, and required more 
encouragement to complete the exercise bout.
Exercise-induced augmentation of NK and LAK cell 
activity has been widely reported (Shephard et.al., 1994; 
Keadle et.al., 1993) and has been shown to increase with
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increases in exercise intensity (Simpson and Hoffman- 
GoetZf 1990; Horohov et.al., 1996). Increased LAK activity 
in the horse has been shown to be directly correlated to 
increases in heart rate and is not related to increases in 
lactate or cortisol production (Folsom, et.al.. In 
Preparation). Although studies have attributed the 
exercise-induced increase in NK and LAK activity to 
increases in circulating NK and LAK cells in the periphery 
(MacKinnon et.al., 1988; Hines et.al., 1996), conflicting 
reports of exercise-induced increases in NK and LAK 
activity without increases in NK and LAK cell numbers 
predominate (Simpson and Hoffman-Goetz, 1990; Horohov 
et.al., 1996). Horses exercised at maximum intensity with 
heart rates greater than 200 bpm, demonstrated a post­
exercise increase in LAK cell activity that was not due to 
increase in LAK cell precursor numbers (Horohov et.al.,
1996). The increased LAK activity was shown to be due to 
augmented cytolytic function of individual LAK cells and 
appeared to be due to a direct effect of one or more of 
the neurohormones produced during exercise on the LAK 
precursor cell.
Most studies of exercise—induced changes in NK and 
LAK activity have focused on subjects which undergo single 
bouts of intense exercise. This study and others have
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 8 5
shown consistent increases in LAK activity following acute 
intense exercise in the horse. Interestingly, the 
noticeable exercise—induced increase in LAK activity 
following acute exercise is no longer evident in horses or 
ponies that undergo multiple days of intense exercise. By 
day 5 of the exercise program, ponies had a minimal 
increase in LAK activity and the horses showed a decrease 
in LAK cell activity. The overall level of LAK activity is 
also lower in the ponies by the fifth day of exercise 
(compared to day 1 LAK activity) which is consistent with 
previous chronic exercise stress studies done in our lab 
(Folsom et.al., 1995). There may be several possibilities 
to explain the decrease in LAK activity including 
diminished cytolytic ability of individual LAK cells, 
decreased LAK precursor cells, or changes in exercise- 
induced neurohormone secretion. Consistent increased 
lymphocyte numbers in response to exercise on day 1 and 
day 5 with corresponding decreased CD4 and increased CDS 
T-cell numbers indicates that decreased LAK precursor 
cells on day 5 is unlikely as equine LAK cells are of T- 
cell origin (Bormanski et.al., 1992) and express the CDS 
surface antigen (Lunn et.al., 1994). The apparent increase 
in IL-2 receptor expression seen on day 5 compared to the 
level of IL—2 receptor expression seen on day 1, suggests
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that IL-2 responsiveness of LAK cells is altered. LAK 
precursor cells express the low affinity receptor for IL-2 
and exposure to high doses of IL-2 upregulate expression 
to the high affinity form. Furthermore, PHA stimulation, 
known to induce T-cell expression of the high affinity 
IL-2 receptor, has no effect on LAK cell expression of the 
high affinity IL-2 receptor (Horohov et.al., 1996). The 
effect of repetitive bouts of intense exercise on the 
release of neurohormones and catecholamines in the horse 
is unknown.
Exercise-induced inhibition of mitogen-specific and 
antigen-specific lymphoproliferative responses has been 
widely reported and has been attributed to changes in 
circulating lymphocyte subpopulations (Hoffman-Goetz 
et.al, 1994) and decreased cytokine production (Tvede 
et.al., 1994). In this study, horses and ponies had 
decreased lymphoproliferative responses to the mitogens 
ConA, PHA, and PWM and to the equine influenza virus and 
KLH antigens due to exercise. Circulating CD4 positive T— 
cell numbers declined in response to exercise while CDS 
numbers increased suggesting that the decreased LP 
response may be due to the decrease in helper T-cell 
numbers. The fact that control ponies and horses had the 
same significant increase in lymphocyte numbers and
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significant decrease in circulating CD4+ T—cells after 
walking on the treadmill with no change in the mitogen- 
specific or antigen-specific lymphoproliferative response 
makes the decline in CD4 positive T-cell numbers an 
unlikely cause of the decreased LP response seen in 
exercised animals. An exercise-induced increase in IL-2 
receptor positive PHA-stimulated PBMC with a corresponding 
decrease in IL-2 receptor bearing CD8 T-cells in response 
to exercise is also a consistent finding of day 1 and 
day 5 exercise stress tests suggesting that the exercise- 
induced decrease in lymphoproliferation is not due to a 
decrease in the expression of the high affinity IL-2 
receptor or an increase in CD8 (suppressor) T-cells.
Several studies have demonstrated reduced expression 
of IL-2 and gamma-1FN as a result of intense exercise 
(Lewicki et.al., 1988; Khan et.al., 1986). Exercised pony 
and horse PHA-stimulated PBMC had decreased IL-2, gamma- 
IFN, and IL-4 mRNA expression following exercise for both 
stress tests suggesting that exercise has an inhibitory 
effect on cytokine production. However, IL-2 mRNA levels 
increased slightly in flu-stimulated PBMC following acute 
exercise but decreased following multiple bouts of intense 
exercise suggesting that there may be differences in IL-2 
mRNA production for mitogen-stimulated and antigen-
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stimulated lymphoproliferation. The difference in cytokine 
mRNA levels also suggests that the mediators responsible 
for altered cytokine production have different effects for 
each cytokine since gamma—IFN from flu—stimulated PBMC 
declined following exercise for both stress tests. The 
addition of IL-2 to PBMC cultures failed to overcome the 
inhibitory effect of exercise on the LP response 
suggesting that the decrease in lymphoproliferation is 
mediated at the level of IL-2 responsiveness and not just 
a lack of IL-2 production. It is unknown whether the 
addition of IL-4 or gamma-IEU to PBMC cultures would alter 
the lymphoproliferative response following exercise.
The exercise-induced decrease in gamma-interferon 
mRNA production from influenza and PHA-stimulated PBMC is 
a particularly interesting observation. Gamma-interferon 
is produced by THl helper T-cells, CD8+ T-cells, and 
natural killer cells. Lymphokine activated killer cells 
are thought to be closely related to natural killer cells 
and there is considerable evidence that LAK cells are 
derived from NK cells (Lunn et.al., 1996; Phillips and 
Lanier, 1986). PBMC from day 1 exercised ponies and horses 
demonstrated a significant exercise-induced increase in 
LAK cell activity with a corresponding significant 
decrease in gamma-interferon mRNA production following
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intense exercise. PBMC from day 5 exercised ponies 
exhibited no exercise-induced change in LAK cell activity 
with a significant decrease in gamma-interferon mRNA. Even 
more remarkable is the fact that day 5 resting mRNA levels 
of gamma-interferon are much higher than day 1 resting 
mRNA levels. The disparity between LAK activity and gaimma— 
interferon production is further confounded with the fact 
that ponies exhibited lower levels of LAK cell activity on 
day 5 and that resting T-cell proliferative responses on 
day 5 were also greatly reduced. Furthermore, PBMC from 
exercised ponies and horses exhibited a significant 
decrease in activated CD4+ and CD8+ T-cells in response to 
exercise. Clearly, more research is needed to elucidate 
the mechanism of gamma-interferon production and its 
effect on cell-mediated immunity in this model system.
The ability to respond to IL-2 is a critical event in 
the activation and subsequent proliferation of T-cells and 
is regulated through the expression of the high affinity 
IL-2 receptor. The biotinylated recombinant IL-2 used to 
detect the IL-2 receptor in this study presumably reacts 
with the high affinity form of the equine IL-2 receptor. 
PHA-stimulated PBMC from exercised ponies and horses had 
an increase in total IL-2 receptor expression following 
exercise for both stress tests. Interestingly, the number
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of dual positive CD4+IL-2R+ and CD8+IL-2R+ T-cells 
significantly declined following exercise suggesting that 
the increase in total IL—2 receptor positive cells in PBMC 
cultures was due to increased receptor expression on non 
T-cells such as macrophages, B-cells, monocytes, LAK 
cells, and NK cells. Control animals also had an increase 
in total IL-2 receptor expression following walking on the 
treadmill with a corresponding increase in dual positive 
CD4+I1-2R+ and CD8+IL-2R+ T-cells. While the decreased 
production of IL-2, IL-4, and gsunma-IFN could account for 
the decrease in lymphoproliferation seen in the exercised 
animals, a reduction in IL-2 levels is the least likely to 
be responsible for the decreased lymphoproliferation seen 
in response to exercise. This is due to the fact that the 
decrease in IL-2 mRNA levels in PHA-stimulated PBMC was 
minimal for both stress tests and IL-2 mRNA levels from 
flu-stimulated PBMC increased for the acute stress test 
and decreased minimally for the chronic stress test. 
Likewise, the addition of IL-2 failed to overcome the 
suppression of the lymphoproliferative response.
In order to determine whether the mediator of these 
changes was an intracellular event or was released into 
the serum following intense exercise, pre- and post­
exercise PBMC were stimulated with the mitogens ConA, PHA,
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and PWM or KLH and resuspended in autologous pre- and 
post-exercise serum instead of fetal bovine serum. 
Autologous serum inhibited the overall lymphoproliferative 
response to ConA and KLH while enhancing the LP response 
to PHA and PWM. The addition of autologous post-exercise 
serum to pre-exercise PBMC failed to decrease the 
lymphoproliferative response to any of the mitogens or the 
antigen-specific response to KLH. E\irthermore, the 
addition of autologous pre—exercise serum to post-exercise 
PBMC failed to increase the LP response in these cells. 
Therefore, the mediators responsible for the inhibition of 
mitogen-specific and antigen-specific lymphoproliferation 
are not present in the serum of exercised animals. This is 
consistent with previous studies in our laboratory which 
failed to correlate decreases in lymphoproliferation with 
increases in heart rate, cortisol, or lactate following 
intense exercise in ponies and horses. This emphasizes the 
fact that the mediators of these changes exert their 
effects immediately following intense exercise and are 
very transient in nature. The possibility that 
neurohormones found in the plasma of exercised animals or 
potent mediators with extremely short serum half-lives are 
responsible for the inhibition of lymphoproliferation 
cannot be ruled out. If either of these possibilities is
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true, then the effects of these mediators on PBMC is a 
permanent and non-reversible event leading to an overall 
inhibition of proliferative ability.
The overall effect of intense exercise on the ability 
of T-cells to proliferate seems to be an inhibition of 
cell activation and may involve signaling through the IL-2 
receptor. The high affinity form of the receptor is known 
to interact with several signal transduction proteins 
including JAKl and JAK3, Syk, Lck, Fyn, Lyn, c-fos, c-jun, 
and PI3 kinase which leads to cell proliferation and 
growth (Sagamura et.al., 1996). A novel pathway that has 
recently been described is the activation of MEKl by 
activated PI3 kinase through the IL-2 receptor (Karnitz 
et.al., 1995). Since mitogen and antigen stimulation of T- 
cells involve the mitogen activated protein kinases 
(MAPK), Janus kinases {JAK), and signal transducers and 
activators of transcription (STAT), we investigated the 
activation and expression of MEKl, JAK3, and STAT3 in PEIA- 
stimulated pre- and post-exercise PBMC. Activation of all 
three proteins declined following exercise in the group of 
animals that had a significant decrease in their 
lymphoproliferative response to PHA in the acute stress 
test. A similar pattern was seen in the chronic stress 
tests except for a slight increase in JAK3 activation. A
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significant decrease in STATS activation was noted for 
exercised animals in the acute stress test, but is an 
unlikely cause of the decreased lymphoproliferation seen 
in these animals since STATS activation also declined in 
control animals. The expression of MEKl, JAK3, and STATS 
declined following exercise in animals in both stress 
tests and significant decreases were seen in MEKl and JAKS 
expression. The decreased expression of these signal 
transduction proteins may play a role in the inhibition of 
lymphoproliferation since similar decreases were not 
evident in control animals.
In addition to the decreased lactate production and 
decreased LAK activity seen after 5 days of intense 
exercise, significant decreases in the mitogen-specific 
and antigen-specific lymphoproliferative response of PBMC 
were also evident. The fact that LAK cell activity was 
decreased and the post-exercise augmentation of LAK 
induction observed on day 1 was no longer evident by day 5 
suggests that PBMC were unable to respond to IL-2. This 
apparent unresponsiveness to IL-2 was also seen in the 
lymphoproliferative response to the mitogens and to equine 
influenza virus. The LP response was reduced in all of the 
exercised ponies and horses when compared to their pre­
exercise response on the first day. Furthermore,
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supplementing the cultures with IL-2 failed to fully 
restore the proliferative response to the levels seen on 
the first day of exercise. These results indicate that the 
exercise—induced suppression seen for the chronic stress 
test on day 5 was more profound than that seen on day 1. 
This was not due to a decreased level of IL-2 production 
since IL-2 mRNA levels increased on day 5 in PHA- 
stimulated and influenza-stimulated PBMC. Gamma-interferon 
levels were likewise increased on day 5 as compared to day 
1 levels. Interleukin-4 levels, on the other hand , were 
significantly decreased on day 5 compared to day 1 levels. 
Whether IL-4 plays a role in the proliferative response 
following exercise is yet to be determined.
Our results are consistent with other reports of 
increased alterations in cellular immunity due to multiple 
bouts of exercise (Hickson and Boone, 1991). We have shown 
that chronic strenuous exercise results in prolonged and 
increased inhibition of LAK cell activity and mitogen- and 
antigen-specific lymphoproliferation. These changes 
involve the innate (nonspecific) and adaptive (specific) 
arms of the immune response and may be indicators of the 
state of the immune system which may furthermore correlate 
to disease susceptibility. The apparent association of 
stress with increased disease susceptibility appears to
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occur only under conditions of chronic stress when both 
arms of the immune system are inhibited (Cohen, 1987) . A 
previous study in our lab supports this theory as ponies 
undergoing chronic exercise stress exhibited decreased LAK 
activity and influenza—specific lymphoproliferation and 
were more susceptible to equine influenza virus infection 
(Folsom et.al., 1995). Other indicators of immune function 
in those ponies were normal including the presence of high 
pre-existing IgG antibody and serum neutralizing antibody 
titers to equine influenza virus. In the current study,
IgG antibody titers to equine influenza virus were 
significantly increased after exercise and there was an 
increase in antibody levels over the 5 day exercise 
period. The post-exercise increase in antibody levels is 
possibly due to increases in total protein or increases in 
B-cell numbers. A B—cell marker is not available for the 
horse, however, B-cell numbers and antibody production 
have been shown to increase in response to high intensity 
exercise in humans and rodents (Hines et.al., 1996; Liu 
and Wang, 1987). Further studies are needed to identify 
the mediators responsible for changes in immune function 
due to exercise and to address the apparent inhibition of 
the immune system after chronic exercise and whether these 
changes play a role in disease susceptibility.
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SUMARY
The purpose of this dissertation was to define the 
effect of exercise stress on immune function in horses and 
to identify mechanisms involved in exercise-induced 
changes in immune function. In order to define the effect 
of exercise on immune function, correlations between 
exercise intensity and changes in immune function had to 
be established. Exercise stress tests were performed with 
target heart rates of 160 beats per minute (bpm), 180 bpm, 
and 200 bpm. The magnitude of changes in exercise induced 
stress-associated hormone production , lactate production, 
and immune function increased with increases in exercise 
intensity as measured by heart rate. Plasma cortisol 
production, plasma lactate concentration, LAK cell 
activity, and suppression of antigen-specific 
lymphoproliferation all increased with increases in 
exercise intensity with the highest levels of each noted 
in ponies that attained heart rates in excess of 200 bpm.
Heart rate is a good indicator of exercise intensity 
in the horse and, unlike other parameters that can be 
monitored during exercise, ensures a consistent workload 
regardless of other variables that may be present at the 
time of the exercise bout. The augmentation of LAK 
activity due to exercise increased with increased heart
196
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rates suggesting a causal relationship between LAK cell 
activity and exercise intensity. An association between 
LAK activity and increases in cortisol or lactate 
production could not be established. This is consistent 
with reports that LAK cell and NK cell function are 
modulated by increases in epinephrine secretion during 
exercise and not by increases in cortisol or lactate 
(Crary et.al., 1983; Kappel et.al., 1991; Keadle et.al., 
1993). Interestingly, epinephrine secretion has been shown 
to be directly correlated to increases in heart rate 
(Mazzeo and Marshall, 198 9).
In contrast to LAK cell activity, inhibition of the 
antigen-specific lymphoproliferative response to equine 
influenza virus due to exercise was not related to 
increases in heart rate, cortisol, or lactate . This 
suggests that the exercise stress-induced suppression of 
antigen-specific lymphoproliferation is due to a mechanism 
that is different than that which affects LAK activity.
The fact that suppression of lymphoproliferation is not 
related to increases in cortisol production is further 
supported by the observation that the inhibition of 
lymphoproliferation occurs well before cortisol levels 
have peaked following exercise.
Ponies exercised at maximum intensity with heart
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rates in excess of 200 beats per minute, demonstrated the 
highest levels and most consistent indicators of 
physiological stress including plasma lactate levels well 
above 4mM/L and plasma cortisol levels above 13 
nanograms/ml. Additionally, they also exhibited the 
highest and most consistent levels of immune modulation. 
The exercise—induced augmentation of LAK cell activity and 
suppression of the antigen-specific lymphoproliferative 
response were greatest in these ponies. Therefore, all 
future exercise stress studies were based on achieving 
heart rates in excess of 200 bpm.
Establishing a relationship between exercise, immune 
function, and disease susceptibility has been difficult 
due to variations in exercise-induced immune modulation 
and the complexity of the immune system. With the 
establishment of an equine exercise stress model which 
produces consistent signs of physiologic and immunologic 
stress with minimal influence from extraneous variables, a 
reliable disease susceptibility challenge study was 
designed. Twelve female crossbred ponies were divided into 
3 groups of 4 ponies each. Eight of the ponies were 
vaccinated with a commercially available equine influenza 
virus vaccine per label instructions while the remaining 
four Donies served as influenza-naive controls for the
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challenge study. Four of the ponies were subjected to a 
rigorous 5 day treadmill—based exercise prograun. which 
ensured that the ponies would attain heart rates in excess 
of 200 bpm. The remaining four vaccinated ponies served as 
resting control animals and remained in their stalls.
Exercised ponies exhibited significant increases in 
plasma lactate (greater than 13 mM/L), LAK cell activity, 
and suppression of equine influenza virus-specific 
lymphoproliferation following a single episode of intense 
exercise. Following the fifth day of intense exercise, 
several notable changes had occurred in the exercised 
ponies. The exercised ponies exhibited a significant 
increase in plasma lactate levels compared to pre-exercise 
levels but were significantly lower than the peak levels 
seen following exercise on day 1. In addition to decreased 
lactate levels, the post-exercise augmentation of LAK cell 
activity seen on day 1 was no longer evident. Furthermore, 
the overall level of LAK cell activity was much lower than 
that observed on day 1. The magnitude of the post-exercise 
inhibition of equine influenza virus-specific 
lymphoproliferation was also reduced and the overall level 
of the lymphoproliferative response was significantly 
lower when compared to the day 1 level. The addition of 
IL-2 to PBMC cultures increased the overall level of the
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Lymphoproliferative response to equine influenza virus in 
exercised ponies, but was not able to overcome the 
inhibitory effects of exercise or the decreased magnitude 
of the inhibition noted on day 5. Interestingly, 
influenza—virus stimulated PBMC exhibited a slight 
increase in IL—2 mRNA levels following exercise on day I 
while exhibiting a decrease in gamma-interferon levels.
Day 5 mRNA levels decreased following exercise for both 
IL-2 and gamma-IFN and the overall level of mRNA 
expression of IL-2 and gamma-IFN was remarkably higher 
than the level seen on day 1.
Even more striking than these findings was the fact 
that ponies subjected to intense exercise for five days 
exhibited increased susceptibility to equine influenza 
virus infection. This is consistent with the belief that 
chronic exercise may be more important in predisposing 
individuals to disease than single bouts of intense 
exercise. Indeed, in a previous study, ponies subjected to 
a live equine influenza virus challenge following a single 
episode of intense exercise showed no signs of increased 
susceptibility to infection. Three of the four chronically 
exercised ponies exhibited significant signs of influenzal 
disease including fever, coughing, oculonasal discharge, 
and anorexia following the challenge infection. The four
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control ponies showed no signs of influenzal infection 
while the four naive ponies showed significant signs of 
disease. Since antibody levels play an important role in 
the prevention of influenza virus infection, total serum 
IgG antibody and serum neutralizing antibody titers were 
determined for all ponies before the challenge and 3 weeks 
following the challenge. Pre-challenge influenza virus 
serum titers of the exercised ponies were not lower than 
rested control pony titers and are therefore not related 
to the increased incidence of disease in these ponies.
The mechanism responsible for the changes in immune 
function as a result of exercise remained unknown but 
appeared to be more severe and prolonged following 
multiple bouts of exercise compared to a single bout of 
intense exercise. Four ponies and four horses were 
exercised at maximum intensity attaining heart rates in 
excess of 200 bpm for five consecutive days in order to 
address the question of the mechanism that led to changes 
in immune function. Exercise stress tests were performed 
on day 1 and day 5 of the exercise program where pre- and 
post-exercise samples were obtained for lactate, cortisol, 
and immunological analysis. All exercised ponies and 
horses exhibited significant increases in cortisol and 
lactate concentrations following exercise for both stress
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tests. Consistent with, the previous study was the fact 
that lactate Levels obtained after exercise on day 5 were 
much lower than day 1 post-exercise lactate levels. Of 
interest is the fact that post-exercise cortisol levels 
obtained from exercised ponies and horses on day 5 were no 
different than post-exercise cortisol levels seen on 
day 1. Also consistent with the previous study was the 
fact that LAK cell activity increased significantly due to 
exercise in ponies and horses for the acute stress test, 
but was no longer increased in ponies and horses following 
exercise for the chronic stress test on day 5. 
Additionally, the level of LAK cell activity was decreased 
in the ponies on day 5 compared to their day 1 LAK levels.
Exercised-induced inhibition of mitogen-specific and 
antigen-specific lymphoproliferative responses was seen in 
all exercise ponies and horses. Exercised horses and 
ponies exhibited decreased lymphoproliferative responses 
to the mitogens ConA, PHA, and PWM and to the equine 
influenza virus and KLH antigens due to exercise for both 
stress tests. As noted in the previous study, the 
magnitude of the post-exercise inhibition of 
lymphoproliferation was reduced on day 5 compared to the 
magnitude of the inhibition seen for the acute stress 
test. Additionally, significant decreases in the overall
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level of the mitogen—specific and antigen-specific 
lymphoproliferative response of PBMC from exercised ponies 
and horses were also evident on day 5.
The mechanism responsible for the exercise—induced 
increase in LAK cell activity and inhibition of 
lymphoproliferation has been attributed to changes in 
circulating lymphocyte subpopulations (Hoffman-Goetz 
et.al., 1994) and decreased cytokine production (Tvede 
et.al., 1994). However, previous work done in our 
laboratory has shown that the exercise-induced increase 
in LAK cell activity is due to increased cytolytic 
function of individual LAK cells and appears to be related 
to a direct effect of one or more of the neurohormones 
produced during exercise on the LAK precursor cell. This 
strengthened the hypothesis that the exercise-induced 
inhibition of lymphoproliferation was also a cellular 
event and was not due to changes in lymphocyte 
subpopulations or cytokine levels.
One of the most consistent responses to exercise is a 
leukocytosis characterized by a granulocytosis and 
lymphocytosis with a characteristic increase in packed 
cell volume and total protein. Indeed, all exercised 
ponies and horses exhibited increases in neutrophils and 
lymphocytes as well as packed cell volume and total
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protein following intense exercise for both stress tests. 
The increased lymphocyte numbers seen after exercise were 
further characterized into CD4+ and CD8+ T-cells.
Exercised ponies and horses exhibited a significant 
decrease in CD4+ T-cells and a significant increase in 
CD8+ T-cells for both stress tests suggesting that the 
decreased lymphoproliferative response may be due to the 
decrease in helper T-cell numbers. The fact that control 
ponies and horses had the same significant increase in 
lymphocyte numbers and significant decrease in circulating 
CD4+ T-cells after walking on the treadmill with no change 
in the mitogen-specific or antigen-specific 
lymphoproliferative responses makes the decline in CD4 
positive T-cell numbers an unlikely cause of the decreased 
lymphoproliferative response seen in exercised animals.
PHA-stimulated PBMC from exercised ponies and horses 
exhibited decreased IL-2, IL-4, and gamma-IFN mRNA 
expression following exercise for both stress tests 
suggesting that exercise has an inhibitory effect on 
cytokine production. However, influenza virus-stimulated 
PBMC from exercised ponies and horses exhibited a slight 
increase in IL-2 mRNA levels following acute exercise. 
Influenza-stimulated PBMC from the same animals exhibited 
a slight decrease in IL-2 mRNA levels for the chronic
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stress test. Influenza-virus stimulated PBMC géimma—IFN 
levels decreased significantly in exercised ponies and 
horses for both stress tests. Interestingly, the overall 
level of IL-2 and gamma—IFN expression increased for the 
chronic stress test compared to the expression level seen 
for the acute stress test in both influenza-virus— 
stimulated and PHA-stimulated PBMC. Interleukin—4 mRNA 
levels from PHA-stimulated PBMC, on the other hand, were 
significantly lower on day 5 compared to day 1 levels.
The expression of the high affinity IL-2 receptor on 
T-cells is a marker for activation and plays a critical 
role in the ability of the T-cell to proliferate. PHA- 
stimulated PBMC from exercised ponies and horses had an 
increase in total IL-2 receptor expression following 
exercise for both stress tests. Interestingly, the number 
of dual positive CD4+IL-2R+ and CD8+IL-2R+ T-cells 
significantly declined following exercise suggesting that 
the increase in total IL-2 receptor positive cells in PBMC 
cultures was due to increased receptor expression on non 
T-cells such as macrophages, B-cells, monocytes, LAK 
cells, and NK cells. Control animals also had an increase 
in total IL-2 receptor expression following walking on the 
treadmill with a corresponding increase in dual positive 
CD4+IL—2R+ and CD8+IL-2R+ T- cells. Therefore, there was a
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difference in the level of IL-2 receptor expression on T- 
cells in the exercised ponies and horses following 
exercise compared to control animals after walking. This, 
along with decreased production of IL-2, IL-4, and gamma- 
IFN, could account for the decrease in lymphoproliferation 
seen in the exercised animals. However, a reduction in 
IL-2 levels is the least likely of the three decreases in 
cytokine production observed to be responsible for the 
decreased lymphoproliferative response seen in response to 
exercise. This is due to the fact that the decrease in 
IL-2 mRNA levels in PHA-stimulated PBMC was minimal for 
both stress tests and IL-2 mRNA levels from flu-stimulated 
PBMC increased for the acute stress test and decreased 
minimally for the chronic stress test.
In order to determine if the mediator of these 
changes in LAK cell activity and lymphoproliferation was 
an intracellular event or was released into the serum 
following intense exercise, pre- and post-exercise 
mitogen-stimulated or KLH-stimulated PBMC were resuspended 
in autologous pre- and post-exercise serum instead of 
fetal bovine serum. The addition of autologous post­
exercise serum to pre-exercise PBMC failed to decrease the 
lymphoproliferative response to any of the mitogens or the 
antigen-specific response to KLH. In addition, autologous
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pre-exercise serum failed to increase the LP response in 
post-exercise PBMC. Therefore, the mediator responsible 
for the inhibition of mitogen—specific and antigen- 
specific lymphoproliferation and augmentation of LAK cell 
activity is not present in the serum of exercised animals. 
This suggests that the mediator of these changes in immune 
function exerts its effect immediately following intense 
exercise and is very potent and transient in nature.
The general effect of intense exercise on the ability 
of T-cells to proliferate seems to be an inhibition of 
cell activation and may involve signaling through the IL-2 
receptor. The high affinity form of the IL-2 receptor is 
known to interact with several signal transduction 
proteins including members of the mitogen activated 
protein kinases (MAPK), Janus kinases (JAK), and signal 
transducers and activators of transcription (STAT). 
Activation of MEKl, JAK3, and STAT3 declined following 
exercise in ponies and horses for the acute stress test. A 
similar pattern was seen for the chronic stress test 
except that a slight increase in JAK3 activation was 
noted. A significant decrease in STAT3 activation was 
observed in the exercised animals for the acute stress 
test, but is an unlikely cause of the decreased 
lymphoproliferation seen in these animals since STAT3
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activation, also declined in control animals. The 
expression of MEKl, JAK3, and STAT3 declined following 
exercise in the ponies and horses for both stress tests 
and significant decreases were seen in MEKl and JAK3 
expression. The decreased expression levels of these 
signal transduction proteins may play a role in the 
inhibition of lymphoproliferation since decreases were not 
evident in control animals.
These observations do not explain the apparent 
increased alterations in cellular immunity noted following 
repetitive bouts of intense exercise. Chronic strenuous 
exercise results in prolonged and increased inhibition of 
LAK cell activity and lymphoproliferation. The decreased 
LAK activity, absence of post-exercise augmentation of LAK 
activity, and decreased level of lymphoproliferation 
suggest that PBMC were unable to respond to IL-2. 
Furthermore, supplementing the PBMC cultures with IL-2 
failed to fully restore the proliferative response to the 
levels seen on day 1 of the exercise program. This was not 
due to a decreased level of IL-2 production since IL-2 
mRNA levels increased on day 5 in PHA—stimulated and 
influenza virus—stimulated PBMC compared to day 1 levels. 
Gamma-interferon levels were likewise increased on day 5. 
IL-4 levels, on the other hand, were significantly
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decreased on day 5 compared to day 1 levels. Whether IL—4 
plays a role in the proliferative response following 
exercise is yet to be determined.
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